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1 General Introduction
The way we perceive, use and create materials has changed to a great extent in past
many decades. The current trend in creation of ever smaller products and devices
needs materials whose response can be intelligently tailored to the changing environ-
ment. Microelectronics industry is best example showcasing the continuous shrinkage
in weight, size and cost of the devices, especially the communication devices and at
the same time oﬀering new functionalities. Thus, functional nanomaterials have at-
tracted great deal of interest as macroscopic properties can be tailored by controlling
the microstructure at nanometer level. They include broad range of materials such
as nanostructures, nanowires, nanocomposite, nanoparticles etc. Among functional
nanomaterials, nanocomposites where nanoscale ﬁller material is embedded in a ma-
trix material are focus of this thesis. They derive beneﬁts from the fact that they
combine favorable features of the constituents and secondly, one of the constituent be-
ing in nanoscale gives extra degree of freedom with which physical properties can be
manipulated to obtain new functional properties [1]. Electronic transport in nanocom-
posite is function of metal volume fraction and near to percolation threshold electronic
transport in these nanocomposites occurs via inter-particle tunneling. Tunnel current
is exponentially dependent on the inter particle separation and can be utilized as
a detection mechanism for a process which changes the inter-particle separation for
example as strain sensor.
By choosing the ﬁller material diﬀerent functionalities can be obtained such as optical
nanocomposites (Au, Ag in insulating matrix exhibiting surface plasmon resonance),
magnetic nanocomposites, antibacterial coatings (incorporating Ag which is antibacte-
rial in bio-compatible TiO2 matrix) [2] etc. Amongst these, magnetic nanocomposites
are of particular interest due to their applications in spintronics [3], magnetic sen-
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sors and as core materials for high frequency circuits [4]. Today use of hand held
electronic devices is massively growing and driving the trend of miniaturization thus
necessitating size reduction and performance enhancement of passive components such
as inductors, capacitors which are crucial for high frequency circuits. The operating
frequencies of such devices are also steadily increasing typically to GHz range, GSM
mobile (Global System for Mobile Communications) 0.8 - 1.9 GHz, GPS (Global Po-
sitioning System) 1,2 - 1.6 GHz, and WLAN (Wireless Local Area Network) devices
in 2.4 - 2.5 GHz. Present state-of-the-art micro-inductors include planar spirals and
consume large area. To improve the performance of high frequency components, inte-
gration of soft magnetic core material is most promising [5]. Ideally the permeability
of the magnetic layer material increases the inductance, so that the dimensions of
the conductors and thus, the ohmic resistance of the micro-inductors can be reduced.
Besides, magnetic particles and clusters oﬀer innovative prospects as diagnostic and
therapeutic tools in medicine and other life sciences [6].
The main aim of this thesis is to prepare, characterize and tailor host of nanocom-
posites in accordance with the ﬁeld of application. In particular the focus is on ap-
plication in the ﬁeld of tunnel magnetoresistance, as strain sensor and as materials
for high frequency application. Here physical vapor phase deposition technique is em-
ployed to prepare nanocomposites and characterized by metal volume fraction with
respect to microstructure and magnetic properties. Figure 1.1 provides an overview
of nanocomposite studied in this work. Chapter 2 provides the underlying concepts
to understand these nanocomposites and the requirements that they should adhere
to in order to use them. Chapter 3 gives detailed experimental know-how of fab-
ricating the nanocomposites and various characterization techniques to understand
the functional properties. Subsequent chapters deal with possible application areas of
these nanocomposites. For the sake of simplicity the results and discussions will be
presented in three separate chapters (4, 5 and 6). Each chapter focuses on the target
nanocomposite application. In Chapter 4, development of hybrid material consisting
of quasi two dimensional metal-polymer nanocomposite and a magnetostrictive crystal
is presented. With this set up it is possible to monitor the strain by easy electrical
read out. Chapter 5 deals with the morphology and magneto-transport properties of
ceramic based nanocomposites with respect to metal volume fraction. This knowledge
4
is further extended to fabricate FeCo-SiO2 which are promising for high frequency
applications (Chapter 6).
Type Possible application areas describedin the thesis
Quasi 2D metal/polymer
(PMMA + Au)
Stain sensor (chapter 4)
3D nanocomposites
(FeCo-TiO2 and FeCo-SiO2 )
Tunnel magnetoresistance (chapter 5)
High frequency (chapter 6)
2-2 Nanocomposites
(PTFE + FeNiCo)
High frequency (chapter 6)
Nanocomposite
Nanocomposites by dewetting
(Co + SiO2)
High frequency (chapter 6)
Figure 1.1: Overview of the nanocomposites studied during this thesis
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2 Theory
2.1 Nanocomposite morphology
Nanocomposites can be classiﬁed in number ways based on arrangement of con-
stituents, functional properties, type of the constituent. They can also be classiﬁed
by their functional properties, e.g., as optical, magnetic, antibacterial and magneto-
electric nanocomposites. The morphology of nanocomposite depends on type of depo-
sition process, materials used and the order in which they are deposited. In simplest
form, two dimensional metal nanoparticles can be formed on a surface, sequential depo-
sition of metal and matrix material leads to multilayer conﬁguration and co-deposition
of metal and matrix form 3D network of metallic clusters inside the matrix. In each
case the resulting morphology is diﬀerent and hence functional properties can be tai-
lored to certain extent [7, 8, 9]. In ﬁgure 2.1 transmission electron microscopy images
are shown as an example for the above mentioned three cases.
The surface energy plays dominant role and is governing factor for the type of growth
mode. Since the surface energy of metals γM is much higher than the sum of surface
energy of polymer/ceramic γP and substrate ﬁlm interface energy γMP , the metal
atoms tend to agglomerate and form clusters to minimize the total energy of the
system. This type of growth mode is known as Volmer-Weber growth mode which is
found in many systems of metals on insulators, polymers, graphite and mica substrate
[13]1.
γM > γMP + γP (2.1)
1page no. 197
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Figure 2.1: TEM images showing morphology of nanocomposites of Au on PMMA [10],
multilayer system [11] and FeNiCo-Teﬂon AF co-evaporated [12] (from left
to right).
Let us consider particular case of deposition of metal on polymer surface. Polymers
and metals have strongly contrasting properties. Polymers consist of large covalently
bonded macromolecules, which are held together by very weak Van-der-Waals interac-
tions. Metals on other hand are densely packed crystalline solids with a high cohesive
energy. The cohesive energy of metals is typically two orders of magnitude higher
than the cohesive energy of polymers [14]. Interaction between metals and polymers
is generally very weak in comparison to the strong metal-metal binding forces. As
a consequence, these metals are expected to exhibit a strong aggregation tendency
and form clusters (Volmer-Weber growth mode). The size and density of the metal
cluster formed depends on several factors. Higher substrate temperature, lower inter-
action energy and/or lower deposition lead to an enlargement of the metal cluster and
vice versa. Furthermore, presence of trapping sites on polymer surfaces will lead to
preferential nucleation. These centers may consist of chemically active polymer end
groups or impurities. Cluster density can be controlled to certain extent by creation
of such trapping site by ion irradiation [15]. A more detailed description of basic pro-
cesses occurring during the initial stages of polymer-interface have been investigated
extensively at the group of F. Faupel [14, 15].
Process described above can be extended to obtain multilayer arrangement simply by
sequential deposition of metal and the matrix material. In co-deposition along, with
metal atoms now matrix material also impinge on the substrate, metal atoms still
8
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agglomerate and form clusters. These however are covered and embedded into the
matrix thus forming a 3 dimensional cluster network in the matrix [16, 17]. The re-
sulting microstructure depends mainly on deposition rate ratio of the two components
and substrate temperature.
2.1.1 Percolation theory
Percolation theory describes phenomena where at critical point some of the properties
of the system undergo abrupt changes [18]. This point where the sharp change in prop-
erty takes place is called as Percolation threshold. Electrical properties of disordered
systems, amorphous semiconductors and materials formed as mixtures of dielectric
and metal are some of the best understood applications of Percolation theory [18] 2.
Here, percolation theory is relevant to understand electrical conductivity and magnetic
interaction of the nanocomposites which are function of inter-particle separation.
Broadbent and Hammersley [19] were the ﬁrst to come up with the word Percolation
while analyzing an interesting problem related to gas mask design. The motion of gas
through a maze was new type of process which diﬀered from diﬀusion [18]. They called
the phenomenon Percolation and dealt with it using geometrical and probability
concepts. Since then the Percolation theory has been used to interpret an exceptionally
wide variety of physical and chemical phenomena as simple as planting tree in a regular
order to formation of polymer chain and to calculate the electrical properties of hybrid
systems.
Consider a computer generated two-dimensional lattice with occupation probabilities
P 0.5 and 0.6 respectively as shown in ﬁgure 2.2. Occupied squares are marked with *
and empty squares are ignored. For p > 0.6 a connecting network is established from
top to bottom and from left to right. Percolation threshold (Pc)is when largest cluster
forms. Numerical computations show that for this two-dimensional lattice Pc is 0.593
[19]3.
2page no. 10
3page no. 4
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Figure 2.2: Finite two-dimensional lattice below and above percolation [19]
Figure 2.3: Inverse of volume fraction vs aspect ratio of ellipsoids of revolution [20]
Electrical percolation in composites
Electrical conductivity in nanocomposites is a function of metal volume fraction and
accordingly three distinct regimes can be observed.
• Dielectric regime: This regime occurs when metal nanoparticles are well sepa-
rated by dielectric medium. Metal volume fraction is typically below percolation
threshold.
• Transition regime: In this regime metal volume fraction is in the vicinity of per-
colation threshold. Electrical conductivity is due to thermally activated electron
tunneling between metal particles and is very sensitive for any small change in
the inter-particle distances.
10
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• Metallic regime: Here the metal volume fraction is above percolation threshold.
Metal nanoparticles are in physical contact and form a conducting network.
The cluster geometry itself has a decisive inﬂuence on the percolation threshold demon-
strated by numerically computed percolation threshold for object size ranging from
extreme oblate limit to plate like particles [20]. For spherical particles (ﬁgure 2.3)the
percolation threshold is 29%. Another important inﬂuence on the percolation thresh-
old is the size of the nanoparticle and size distribution because the percolation thresh-
old depends directly on the cluster size. Deviations in the percolation threshold values
calculated from numerical solutions are bound to exist, as in reality composite ﬁlms
are far from ideal conditions. Deposition parameters, size distribution, condensation
coeﬃcients speciﬁc to the material have inﬂuence on percolation threshold. Figure 2.4
best shows the inﬂuence of preparation parameters and the materials on the perco-
lation threshold. Here the polymer nanocomposites were prepared by co-evaporation
[21] and Fe-SiO2 by co-sputtering [22] techniques. For Ag-Teﬂon AF and Au-Teﬂon
AF the region in which most pronounced change occurs is at about 42% where as
for Au-Nylon it is at 32%. The diﬀerence in the percolation threshold values stems
from the diﬀerences in the microstructure. Condensation coeﬃcients of Ag and Au on
Teﬂon AF surface are very similar thus nucleation and growth process takes place in
similar manner, which results in nearly similar microstructure but the condensation of
Au on Teﬂon AF and Nylon is quite diﬀerent, hence diﬀerence in percolation threshold.
While the change in the electrical resistivity for the co-evaporated ﬁlms shows sharp
features, the change in Fe-SiO2 is gradual. This indicates it is not possible to arrive
at a particular value for percolation threshold applicable to all nanocomposites but
certainly the transition is manifested by change of measurable physical properties.
Magnetic percolation
Magnetic properties of the granular ﬁlms also depend on the magnetic separation of
the particles in the matrix. Magnetic interactions occurring in such systems will be
discussed in the section below. Asakura et al. [23] studied the magnetic domain perco-
lation in Cox-(SiO2)100−x granular ﬁlms and the results are summarized in ﬁgure 2.5.
The electrical percolation for ﬁlms deposited at room temperature occurs at approx
11
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The tunneling conductivity in the films of granular metals
embedded in the insulator has been discussed by Helman and
Abeles4 and Sheng, Abeles, and Arie;14 the temperature de-
pendence of r~0! is given by
r~0 !5a expH 2A ckTJ , ~2!
where a is the constant, and c is the activation energy pro-
portional to both the tunnel-barrier thickness and the charg-
ing energy of the metallic grain. The experimental data of the
relation between r~0! and 1/T1/2 are plotted in semilogarith-
mic scale in Fig. 9. These data show the nonlinearity, indi-
cating that the other effect is included as well as the tunnel-
ing effect.
Figure 10 shows that the data fit well on the following
relation instead of Eq. ~2!;
1
r~0 ! 5
1
r t
expH 22A ckTJ 1 1rc , ~3!
where 1/r t and 1/rc are the constants. In Fig. 10, the circles
indicate the experimental data for x50.26 and the solid line
indicates Eq. ~3! with 1/r t50.13 V21 cm21, 1/rc52.2
31024 V21 cm21 and c50.08 eV. The cause of 1/rc is not
clarified at present, but it probably corresponds to the leak
conductivity.
By fitting the experimental data to Eq. ~3!, we can obtain
the constants 1/r t , 1/rc , and c as a function of x . They are
plotted in Figs. 11 and 12. The values of 1/r t show the good
coincidence with those of Ni-SiO2 granular films.15 Further-
more, the data for c agree well with the values for Co-SiO2,5
FIG. 7. Resistivity measured at room temperature with zero field
r~0! as a function of x . The solid circles are data after Ref. 13.
FIG. 8. Temperature dependences of r~0! for various volume
fractions x’s.
FIG. 9. Relationship between r~0! and 1/T1/2 for various x’s.
FIG. 10. Temperature dependence of 1/r~0! for x50.26. The
circles are the experiments and the solid line indicates Eq. ~3! with
1/r t50.13 V21 cm21, 1/rc52.231024 V21 cm21, and c
50.08 eV.
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Figure 2.4: Electrical resistivity as a function of metal volume fraction in co-evaporated
polymer nanocomposite [21] and co-sputtered Fe-SiO2 granular ﬁlms [22].
45%. They found out that the domain structure stro ly correlates to the electrical
percolation. The stripe domain was observed in the Co-rich region, the divided stripe
domain was observed in the intermediate region and the domain structure disappears
below the percolation composition (xp), 45%.
2.2 Magnetism in small dimensions
The structure sensitive properties of solids show signiﬁcant size eﬀects when one or
more dimensions are in nanoscale. Among magnetic properties, saturation magneti-
zation Ms is independent of the size [24]
4 on other hand coercivity is not. When the
particle size is smaller than the domain wall thickness it cannot have two domains
separated by domain wall. In terms of energetic consideration, single domain state is
preferred when it costs more energy to create domain wall than to support the mag-
netostatic energy of the single domain state. The critical size for spheres (with strong
anisotropy Ku) can be estimated by magnetic domain theory [25]
5 and is given by
rc = 9
[√
AKu
µ0M s2
]
(2.2)
4page no. 359
5page no. 305
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2.2 Magnetism in small dimensionsThe typical examples of magnetic domain structure
for Co100x(SiO2)x ﬁlms are shown in Fig. 2. One can
observe the stripe domain clearly in Co-rich ﬁlms. With
decreasing Co content, the domain structure changes
from the stripe domain to the divided stripe domain,
which is seen in the Co72(SiO2)28 ﬁlm shown in Fig. 2.
With further decreasing Co content, the domain
structure disappears. The divided stripe domain resem-
bles magnetic clusters observed in CoCrTa-based
recording media, which is caused by the magnetic
ﬂuctuation [7]. The situation of the domain structure
in Co100x(SiO2)x is summarized in Fig. 3. The domain
structure depends on composition and Ts. The stripe
domain is observed in the Co-rich region, the divided
stripe domain in the intermediate region, and the
domain structure disappears below the percolation
composition xdp: In this study, xdp is xB45 for Ts=RT
and xB80 for Ts=723K. The magnetic domain
percolation composition xdp corresponds well to the
electrical percolation composition mentioned in the
previous paragraph. TMR, which is caused by the
spin-dependent electron tunneling between ferromag-
netic granules [3,6], appears at x less than the magnetic
domain percolation composition. The TMR ratio
gradually increases with decreasing Co and exceeds
2% at x o30.
Cross-sectional STEM images for the Co28(SiO2)72
ﬁlm prepared at RT and Co64(SiO2)36 fabricated at
673K are presented in Fig. 4. The bright and dark
contrast in high-angle annular dark ﬁeld (HAADF)
image gives information about composition of ﬁlms. The
dark contrast (marked as 1 in ﬁgures) arises from the
Co-rich region and the bright contrast (marked as 2 in
ﬁgures) is from the SiO2-rich region. It is revealed that
the Co28(SiO2)72 ﬁlm prepared at RT is composed of
granules o5 nm in diameter dispersing in insulator
matrix, which is similar to the results for Co–Al2O3 and
other MIG ﬁlms [1,3,6]. On the other hand, in the
Co64(SiO2)36 fabricated at 673K, granules are about
10 nm in diameter, and it seems that granules tend to
develop linkages with each other along the direction
normal to the ﬁlm surface. The columnar crystalline
growth has been frequently observed in metal ﬁlms
sputtered at elevated substrate temperature [8]. To
understand the composition dependence of r in
Co100x(SiO2)x ﬁlms, we use the following structural
models for simplicity [9,10].
Model I: Sphere type metal granules located on
simple cubic lattice point in insulator matrix
Model II: Column type metal granules with long axis
perpendicular to the ﬁlm surface located on
positions of the square lattice.
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Fig. 1. The electrical resistivity of Cox(SiO2)100x granular
ﬁlms.
Fig. 2. Domain structure in Cox(SiO2)100x granular ﬁlms
prepared at Ts=573K.
Fig. 3. Dependence of magnetic domain on composition x and
substrate temperature Ts for Cox(SiO2)100x granular ﬁlms.
S. Asakura et al. / Journal of Magnetism and Magnetic Materials 240 (2002) 485–487486
Figure 2.5: Dependence of magnetic domain on the composition x and substrate tem-
perature for Cox-(SiO2)100−x granular ﬁlms [23].
where rc is the critical size below which particles are single omain, A is the exchange
constant and Ms the saturation magnetization. The calculated and experimental crit-
ical radius for Fe, Co, and Ni are listed in table 2.1. The shape of the particle has
large inﬂuence on critical radius and non-spherical particles usually have higher rc. As
mentioned earlier, coercivity shows striking size eﬀects, typically it increases as the
particle size is red ced and goes through a maxima before reaching zero. In ﬁgure 2.6
summarized are the regions of size ranges in relation to the coercivity. The mechanism
by which the magnetization of a particle reverses is diﬀerent in diﬀerent regions. One
can distinguish three distinct regions beginning with larger particle sizes.
• Multidomain: In this region coercivity decreases as the particle size increases
and is proportional to 1/rn. Magnetization changes by domain wall motion.
• Single domain: As the particle size decreases further, the coercivity increases and
reaches highest in this region. Below the critical size rc particles are in single
domain state. For non-interacting particles coercivity is given by Hc ≈ a/r2− b
and for exchange-coupled particles Hc ≈ r−6. The magnetization change is by
spin rotation and there exist several mechanisms like fanning, curling [24]6.
6page no. 364
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 3
specific properties such as coercivity and superparamagnetism, generally attributed to reduced 
dimensions. 
1.2.1 Coercivity 
The coercivity of fine particles has a striking dependence on their size. Fig. 1.1 shows 
very schematically, how the size range is divided, in relation to the variation of coercivity 
with particle radius r.  
 
 
 
 
 
 
 
 
Beginning at larger size the following regions can be distinguished: 
(i) Multi-domain (MD): It is observed for r > rc and in this region, the coercivity 
decreases as the particle size increases and the coercivity Hc is found to vary with 
size as ~ 1/ rn. 
(ii) Single-domain (SD): For r0 < r < rc, the particles become single domain and in this 
size range, the coercivity reaches a maximum.  
(iii) Superparamagnetic (SP): Below a critical size r0, the coercivity is zero because of 
thermal effect, which is strong enough to spontaneously demagnetize the assembly 
of magnetic particles. 
 
1.2.2 Superparamagnetism 
The effective magnetic moment of a ferromagnetic particle is determined by its size. A 
ferromagnetic sample with a volume greater than a critical value Vc divides into multiple 
magnetic domains, each magnetized along the local easy axis but in one of two opposite 
Fig. 1.1: Overview of the size dependence of coercivity exhibited by magnetic particles: 
HC = 0 below superparamagnetic (SP) particle size limit r0; single-domain behavior 
(SD) between r0 and the single domain limit rc; and multidomain behavior (MD) for 
r > rc. [Adapted from ref. 9] 
Figure 2.6: Coercivity as function of particle size, showing multidomain (MD) be-
haviour for ≥ rc, single domain (SD) behaviour between r0 and rc and
superparamagnetic (SP) region below r0. Relationship between the coer-
civity and the particle size for each region is also shown, from [25]
• Superparamagnetism: Further decrease in particle size results in decrease in the
coercivity due to thermal ﬂuctuations and reaches zero at r0. The remanent
magnetization is no longer ﬁxed as the ambient thermal energy may be strong
enough to cause the moment to randomly ﬂip.
Ms (G) A (erg/cm) K (erg/cm
3) rc (the)(nm) rc (exp)(nm)
Fe 1710 5.03 x 10−6 0.8 x 106 9.8 10.5
Co 1430 5.40 x 10−6 0.35 x 106 9.6 10
Ni 485 2.45 x 10−6 0.05 x 106 21.2 16
Table 2.1: Single domain size for Fe, Co, Ni from [26], here 'the' refers to theoretical
and 'exp' to experimental.
The minimum particle radius which is stable against the ambient thermal demagneti-
zation can be estimated from following relation [25]7
7page no. 307
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2.2 Magnetism in small dimensions
r0
1yr ≈
(
10kbT
Ku
)1/3
r0
1s ≈
(
6kbT
Ku
)1/3
(2.3)
For spherical particles with anisotropy constant Ku = 10
5J/m3 approximate super-
paramagnetic radii for stability over 1 year and 1 second are 7.3 nm and 6 nm re-
spectively. Superparamagnetic state is characterized by two experimental features:
one there is no hysteresis and second the magnetization curves measured at diﬀerent
temperatures superimpose in a plot of M vs H/T. Deviations from the H/T may be
possible due the broad distribution of particle sizes or anisotropy eﬀects. In superpara-
magnetic state, for a noninteracting system the magnetization curves are described by
Langevin function.
M = M sL
(
µH
kBT
)
(2.4)
where L is Langevin function. Magnetic measurements of superparamagnetic particles
can be used qualitatively to estimate the particle size. By integration of Langevin func-
tion over the particle size, total magnetization of the sample can be determined. Since
in all real systems there exists a particle size distribution, the resultant magnetization
must take this into account and hence given by [27]
M = M s
∫
L
(
M sV H
kBT
)
f(V )d(V ) (2.5)
where f(V) is size distribution function. From magnetization as a function of ﬁeld with
known size distribution, function average particle size and width of the distribution
function can be calculated [28]. Many distribution functions have been suggested
depending on the preparation conditions, generally log normal size distribution is used
for nanocomposites prepared by physical vapor deposition technique [29, 30, 31].
When particles of certain size are cooled below a critical temperature superparam-
agnetic state will disappear as the characteristic relaxation time (τ) for a particle's
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moment varies exponentially with temperature. The magnetization switches to a sta-
ble state as the temperature is reduced. The temperature at which this occurs is
called Blocking temperature TB. For spherical particles with uniaxial anisotropy and
relaxation time of 100 sec (roughly the time required to measure the remanence of a
sample [24]8), TB is given by
TB =
KV
25k
(2.6)
where K anisotropy constant, V volume of the particle and k Boltzmann constant.
Transition to stable behavior occurs at temperature below TB.
2.2.1 Inter particle interaction
Superparamagnetic description refers to non-interacting particles, however the situa-
tion is quite diﬀerent when the particles are in contact. The main types of magnetic
interactions associated with ﬁne-particle assemblies are (1) dipole-dipole interactions
(2) exchange interactions through the surface of the particles which are in close contact
and (3) interactions associated with nanocomposite, where magnetic nanoparticles are
dispersed in non-magnetic matrix [32]. In the case of metallic matrix, Rudermann-
Kittel-Kasuda-Yosida (RKKY) like interactions [33, 34, 35] are known to occur and
super exchange interactions when the matrix is insulating [32].
For a magnetic particle system, ferromagnetic exchange interaction may occur when
the average particle size and the distance between them is smaller than the exchange
length Lex [36]. The interaction tends to align the magnetic moments of the neighbor-
ing particles thus overcoming the magnetocrystalline anisotropy and demagnetization
eﬀects of individual particles. The existence of exchange coupling can be observed ex-
perimentally by plotting ∆M(H) curves. Stoner-Wohlfarth theory describes the behav-
ior of an assembly of single domain non-interacting particles with uniaxial anisotropy.
Wohlfarth relation [37] states a simple relationship involving the behaviour of rema-
nence
8page no.386
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IDCD(H) = IIRM(∞)− 2IIRM(H) (2.7)
where IDCD(H) is Direct Current Demagnetization curve (DCD) and IIRM(H) is the
Isothermal Remanent Magnetization (IRM) curve. IRM curve is obtained by increas-
ing the ﬁeld to a value of H and then measuring the magnetization at zero ﬁeld with
the sample initially in demagnetized state. DCD curve is generated in the same man-
ner except that the sample is initially saturated in a positive ﬁeld and the remanent
magnetization is measured after applying a ﬁeld -H [38]. However many real systems
may not satisfy the Stoner-Wohlfarth model and deviate from the equation 2.7. It
was Henke1 [39] who ﬁrst proposed that the deviation from this behavior in real sys-
tems was caused by the interactions between particles. He plotted IIRM(H) against
IDCD(H) this is known as the Henkel plot.
∆M(H) = IDCD(H)− [1− 2IIRM(H)] (2.8)
If ∆M(H) is positive, the interaction are ferromagnetic like and the negative values
indicate magnetization tends to be antiparallel.
2.3 Tunnel magnetoresistance
Tunneling is a phenomena involving charge transport between two conducting elec-
trodes separated by a dielectric few nanometers in thickness. The phenomena arise
due to the wave nature of the electrons and can only be described by quantum me-
chanics. Consider a particle with Energy E approaching a potential barrier (let V and
L be height and width of the barrier) shown schematically in ﬁgure 2.7. In quantum
mechanical treatment of the electron considering the wave particle duality the parti-
cle can overcome the potential barrier and there exist a certain probability that the
particle can be found on the other side of the barrier [40]. The evanescent nature of
charge transport through the tunnel barrier leads to the exponential dependence of
17
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2.2 Electrical Transport in Nanostructures
Figure 2.3: Sketch showing quantum tunneling: finite potential wall
(top) and the incident, partly reflected and partly transmitted wave
function of the particle as the function of distance (x) (bottom).
~2
2m∗
d2ψIII
dx2
+ (E)ψIII = 0 (2.15)
wherem∗ is the effective mass, h is Planck’s constant and ψI and ψIII are the wave
function of the particle at region I and III, respectively. Like wise, the Schrödinger
equation of the particle inside the potential barrier can also be written as
~2
2m∗
d2ψII
dx2
+ (E − U)ψII = 0 (2.16)
where ψII is the wave function of the particle inside the barrier.
The corresponding possible solutions to these equations which represent the wave
function of the particle at the three different regions are :
ψI = Aeik1x +Be−ik (2.17)
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Figure 2.7: Schematic showing the particle tunneling through a ﬁnite potential well
and the wave function of the particle as a function of the tunnel barrier
width
tunneling current with the barrier thickness. The relationship between the tunneling
current and the barrier thickness is given by [41]
I(V ) = f(tb)
{[
φ− V
2
]
e
[
1.025
√
φ−V
2
tb
]
−
[
φ+
V
2
]
e
[
1.025
√
φ+V
2
]}
(2.9)
where I is the tunneling current, φ and V are the average tunnel barrier height and
bias voltage across the junction in volts and tb is the barrier thickness in angstroms.
The exponential dependence of tunneling current to the barrier width can be used
e.g., in strain sensors, in tunnel magneto resistance and numerous other real time
devices.
When the electrodes are of ferromagnetic material, a further interesting phenomenon
takes place known as tunnel magneto resistance (TMR). Julliere designed a junction
involving two ferromagnetic layers (FM) separated by a insulating layer (Fe/Ge/Co)
where electrons tunnel from Fe layer to Co through the Ge layer [42] giving rise to
TMR ratio of 14% at 4K. This phenomenon was explained by taking into account
that the electron spin is conserved during tunneling and the tunneling current de-
pends on the density of states of the FM layer. The tunnel current depends on the
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and spin-down N↓(EF) electrons. Since electrons preserve their spin
orientation during the tunneling process, electrons can only tunnel into
the subband of the same spin orientation, as illustrated in Fig. 4. Thus,
the tunneling conductance is proportional to the product of the Fermi
level DOS values of the two electrodes with same spin orientation. 
A change from the parallel magnetization configuration (Fig. 4a) to the
antiparallel configuration (Fig. 4b) of the two electrodes will result in
an exchange between the two spin subbands of one of the electrodes
for the tunneling process. Consequently, a corresponding change in the
conductance will be seen, provided that the Fermi-level DOS values are
different for the two spin subbands. 
Using the definition of TMR ratio given by eq 3, the following
relation was first obtained by Julliere27:
(4)
where P1 and P2, defined below, are the polarization factors for the two
electrodes, respectively. The polarization factors are defined as28,29:
. (5)
Julliere27 first demonstrated the TMR effect experimentally in
1975, measuring a TMR ratio of 14% in a Fe/Ge/Co junction at 4 K.
Two decades later, experimental studies found that MTJs with an
amorphous AlOx tunnel barrier exhibit significant TMR ratios at room
temperature4, with values exceeding 15% obtained at room
temperature for Co/AlOx/Co tunnel junctions6. Over the following
decade, extensive research on aluminum oxide barriers yielded a
steady increase in the TMR ratio by finding electrodes with higher
spin polarization factors and improving the quality of barrier through
the introduction of various material processing procedures. In 2004, a
TMR ratio of 70% was achieved using a CoFeB/AlOx/CoFeB junction
made with a standard sputtering technique and a CoFeB target
composition of Co60Fe20B20 (Fig. 5). Using eq 4, a polarization factor
P = 0.61 is obtained for the CoFeB electrode. 
In 2001, a series of theoretical calculations predicted extremely high
TMR ratios for Fe/MgO/Fe MTJs, where the tunnel barrier is a
crystalline MgO layer with (001) texture13,14. The study argued that a
coherent lattice matching between the (001) plane of body-centered
cubic (bcc) Fe and the (001) plane of MgO results in a spin-dependent
match between the evanescent states within the tunnel barrier and the
electronic states of the Fe electrodes. Consequently, the tunneling
could become highly spin-dependent. In 2004, two independent
experimental investigations, one using a molecular beam epitaxy (MBE)
thin-film growth technique and the other using a conventional
sputtering technique with specialized underlayer texturing, showed
greater than 180% and 220% TMR ratios at room temperature,
respectively18,19. Encouraged by these two studies, a surge in research
quickly followed, seeking even higher TMR ratios (Fig. 6). It still
continues to this day, with the most recently reported room-
temperature TMR ratio exceeding 400% in a Co(001)/MgO(001)/
Co(001) tunnel junction with an estimated polarization factor P = 0.82.
MTJs with amorphous barrier layers
One of the most extensively studied amorphous tunnel barrier layers is
aluminum oxide because of its suitability for forming a thin (~10 Å),
smooth, and dense barrier layer, along with its relatively high bonding
Fig. 4 Schematic of the TMR effect in an MTJ. During tunneling, electron spin
orientation is preserved, i.e. an electron can only tunnel to the spin subband of
the same spin orientation, and the conductance is proportional to the product
of the Fermi level DOS values of the two electrodes of the same spin
orientation. A change from the parallel configuration (a) to the antiparallel
configuration (b) of the magnetizations of the two electrodes results in an
exchange of the spin subband for electrode 2, causing a corresponding change
in the conductance. Fig. 5 TMR ratio for an MTJ with the structure Si(100)/Si3N4/Ru/CoFeB/Ta/
CoFeB/Al2O3/CoFeB/Ru/FeCo/CrMnPt at room temperature. The data
represents the highest room-temperature TMR ratio ever reported for an
amorphous AlOx MTJ12. The applied field change (horizontal axis) results in a
change between the parallel state (lower resistance values) and the
antiparallel state (higher resistance values). RA denotes the resistance-area
product in the parallel state. (Courtesy of D. Wang et al. Reprinted with
permission from12. © 2004 IEEE.)
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Figure 2.8: Schematic of the TMR eﬀect in magnetic tunnel junctions. A change from
the parallel conﬁguration (left) to the antiparallel conﬁguration (right) of
the magnetizations of the two electrodes results in an exchange of the spin
subband for electrode 2, causing a corresponding change in the conduc-
tance from [43].
relative orientation of the magnetic moments of the two magnetic layers. The tunnel
magnetoresistance s then deﬁned as
TMR =
RAP −RP
RP
(2.10)
where RP and RAP are the resistance in parallel and antiparallel conﬁgurations respec-
tively. As explained by Zhu et al. [43] the origin of TMR arises from the diﬀerence in
the electronic density of states (DOS) at the Fermi level EF between spin-up and spin-
down electron. Electrons preserve their spin orientation during the tu neling process
therefore they can only tunnel into the subband f the same spin orientation. Thus,
the tunneling condu tance is proportional to e pr duct of the Fermi level DOS values
of the two electrodes wi h same spin orie tation. A cha ge from the parallel magneti-
zation conﬁgura ion (ﬁgure 2.8 left) to th antiparall l c ﬁguration (ﬁgur 2.8 right)
of the two electrodes ill r sult in an exchange b tween the two spin subbands of one
of the electrodes for t e tunneli g process. Consequently, a corresponding change in
the conductance will be seen, provided that the Fermi-level DOS values are diﬀerent
for the two spin subbands [43].
TMR in nanocomposites
Analogous to magnetic tunnel junctions the nanocomposite ﬁlm can be thought as
assembly of many FM/I/FM junctions. Inoue and Maekawa [44] explained the tunnel
magnetoresistance in nanocomposite ﬁlms based on FM/I/FM neglecting the correla-
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tion between magnetic moments of neighboring particles. The tunneling conductance
in granular ﬁlms can be expressed as
G = Go
[
1 + P 2m2
]
exp
(
−2
√
2κC/kT
)
(2.11)
where P is spin polarization and m = (M/MS) is relative magnetization of the system.
The magnetoresistance is give as
∆ρ/ρ0(H) =
G(0)−1 −G(H)−1
G(0)−1
=
−P 2(M/MS)2
1 + P 2(M/MS)2
(2.12)
The theory is able to explain well the observed MR dependence on m2 in many sys-
tems [45] and the weak temperature dependency. In the model presented by Inoue
et al. exchange interaction was considered to be negligibly small thus the MR ratio
dependence on temperature is smaller than T−1. However, in some granular ﬁlms
[46, 47] this theory does not explain the strong enhancements of MR observed at low
temperature (below 100 K). Mitani et al. [48] explained the phenomena by consider-
ing higher order tunneling process between large granules through intervening small
granules taking into account the broad particle size distribution. The MR ratio is
given by
∆ρ/ρ0 = 1− (1 + P 2m2)−(n∗+1) (2.13)
The structural feature of granular systems was modeled with assumption that large
granules with size n 〈d〉 and charging energy 〈Ec〉 /n are separated by an array of n
granules with average size 〈d〉 and charging energy 〈Ec〉 on a conduction path, as
illustrated in ﬁgure 2.9. These processes are negligible at higher temperatures as the
tunneling takes place through particles of similar sizes [27, 49].
2.4 Ferromagnetic materials in high frequency ﬁelds
In the following section a brief description of important concepts related to high fre-
quency behavior of ferromagnetic materials will be presented. When a high frequency
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Let us now turn to an interpretation of our experimen-
tal results, particularly, the enhancement of MR and the
striking difference in the T and V dependence of MR. We
first propose a model for the magnetic granular systems
and present a mechanism for the enhancement as well as a
consistent explanation for the T and V dependence. In the
magnetic granular systems, the fundamental quantities that
determine the transport properties are (i) the charging en-
ergy Ec required to generate (fully dissociated) positively
and negatively charged granules, (ii) a broad distribution
of Ec due to the variation of granule size d (Ec , e2yd),
and (iii) the tunneling probability depending on the rela-
tive orientation of magnetic moments between ferromag-
netic granules.
The characteristic temperature dependence of the resis-
tivity, lnrsT d ~ 1y
p
T , observed in nonmagnetic granu-
lar systems, has been explained on the basis of the model
[15] that the granules on each conduction path are equal
in size d and separated by barrier thickness s, keeping
the ratio syd (or equivalently Ecs) constant for a given
composition. An extension to the magnetic granular sys-
tems has been made by incorporating the effect of spin-
dependent tunneling into the model [18], yielding the
T -independent MR: Dryr0 ­ P2ys1 1 P2d. It should
be noted that the model makes a gross simplification by
not taking into account tunneling between granules of dif-
ferent size. We extend the above model to include tun-
neling between those granules, which plays a crucial role
for the MR in the magnetic granular systems.
In the granular systems with a broad distribution in
granule size, it is highly probable that large granules are
well separated from each other due to their low number
density (i.e., the larger the granule size is, the more
separated the granules are), and there may be a number
of smaller granules between large granules as shown in
Fig. 4(a). For modeling the structural feature of granular
systems we assume that large granules with size nkdl and
charging energy kEclyn are separated by an array of n
granules with average size kdl and charging energy kEcl
on a conduction path, as shown in Fig. 4(b).
The temperature dependence of the zero-bias conduc-
tivity ssT d is calculated as follows: In the case of the
conduction path in Fig. 4(b), thermally activated charge
carriers occupy the large granule of charging energy
FIG. 4. (a) Schematic illustration of granular structure and
a higher-order tunneling process where a charge carrier is
transferred from the charged large granule (left), via the two
small ones, to the neutral large one (right). (b) Model structure
used for the calculation of conductivity.
kEclyn in the probability proportional to the Boltzmann
factor expf2kEcly2nT g in units of kB ­ 1. Since the
large granules are separated by the smaller ones, the
ordinary tunneling of an electron from the large gran-
ule to the small one increases the charging energy by
dEc ,
1
2 kEclys1 1 1ynd, and thus is suppressed by the
Coulomb blockade at low temperatures T , dEc. In this
regime, the dominant contribution to ssT d comes from
higher-order processes of spin-dependent tunneling where
the carrier is transferred from the charged large granule
to the neighboring neutral large granule through the
array of small granules, using the successive tunneling of
single electrons, i.e., the cotunneling of sn 1 1d electrons.
Figure 4(a) shows an example of the third order process
(n ­ 2). Summing up all of these higher-order processes,
we have
ssT d ~
X
n
e2kEcly2nT fs1 1 P2m2de22ks
0
gn11
3
ˆ
spT d2
sdEcd2 1 g2sT d
!n
fsnd . (1)
Here, f· · ·g is the spin-dependent tunneling probability be-
tween the neighboring granules, m ­ MyMs the magne-
tization normalized to the saturation magnetization Ms,
and s0 ­ 2nkslysn 1 1d with ksl being a mean separa-
tion of granules with size kdl. The factor s· · ·dn repre-
sents the finite temperature effect that electrons (or holes)
in the energy interval of pT around the Fermi level partici-
pate in the intermediate states of the higher-order process
[22], and gsT d is the decay rate given by gsT d ø gT
with g being a constant [23]. The function fsnd repre-
sents a distribution of the conduction paths. In Eq. (1),
expf4k˜nksl 2 kEcly2nT g is a peaked function of n and
has its maximum at np ­ skEcly8k˜kslT d1y2, where k˜yk ø
1 1 s1y4kksld lnfsgypd2 1 skEcly2pT d2g. At low tem-
peratures (T ¿ kEcl), np becomes large so that n is treated
as a continuous variable. Replacing the summation by the
integration in Eq. (1) and using the method of steepest de-
scent [15], we obtain
ssT d ~ s1 1 P2m2dn
p11snpyk˜ksld1y2fsnpd
3 expf22
q
2k˜ksl kEclyT g . (2)
In Fig. 1, the calculated resistivity for m ­ 0 is shown by
the solid lines. Here and hereafter, we assume fsnpd ~
1ynp [24], and take 2kksl ­ 3, g ­ 0.3, and the values
of kEcl indicated in Fig. 1. Our model reproduces the T
dependence of resistivity in Co-based granular films.
Because of the higher-order processes, the spin-
dependent part of ssT d in Eq. (2) is amplified to the
snp 1 1dth power of s1 1 P2m2d, so that ssT d is
sensitive to the applied magnetic field since m varies
from m ­ 0 to m ­ 1 (the fully magnetized state) by
application of the magnetic field. Using Eq. (2) the MR,
Dryr0 ­ 1 2 fssT dgm­0yssT d, is expressed as
Dryr0 ­ 1 2 s1 1 m2P2d2sn
p11d. (3)
2801
igure 2.9: (a) Schematic illustrat on of granular structure and a higher-order tun el-
ing process where a charge carrier is transferred from the ch ged large
granule (left), through th two small ones, to the n utral large one (right).
(b) Model structure used for conductivity calculation [48].
alternating magnetic ﬁeld is applied to a substance certain resonance eﬀects are ob-
served at particular values of the frequency and magnitude of the ﬁeld [24]9.
2.4.1 Complex permeability
When a magnetic material is subjected to an ac magnetic ﬁeld, the magnetic induction
(B) lags behind magnetic ﬁeld strength (H) by the phase angle δ because of presence
of losses. Magnetic ﬁeld strength and magnetic ﬂux in the sample then can be deﬁned
as follows
H(t) = Hoe
iωt, B(t) = Boe
iω(t−δ) (2.14)
where Ho and Bo are the maximum amplitude, ω the angular frequency, t time and δ
being the phase angle. The real and imaginary part of the permeabilities are deﬁned
as
µ =
B
H
=
Bo
Ho
e−iδ =
Bo
Ho
cos δ − i Bo
Ho
sin δ = µ
′ − iµ′′ (2.15)
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The ratio of imaginary to real part tan δ is called loss factor or the quality factor of
the high frequency (HF) material. If there are no losses then B and H are in phase
and µ
′′
is zero.
tan δ =
µ
′′
µ′
(2.16)
This quality factor is very signiﬁcant which comes into discussion very often. The
lower the imaginary part, higher will be the quality factor and better the performance
of HF material. The complex permeability and the quality factor depend on many
parameters such as loss mechanisms in the HF material, limitation caused by resonance
and anisotropy distribution in the HF material. Each will be given a special attention
in following paragraphs.
2.4.2 Ferromagnetic resonance
The eﬀect of an applied static magnetic ﬁeld on atomic moments is the precession
of atomic moments about the applied ﬁeld at a frequency proportional to H as each
atom possesses a certain angular momentum and magnetic moment. This frequency
is called as Larmor frequency given by
ωL = γ ~Heff = g
e
2m
~Heff (2.17)
where γ is a constant called gyromagnetic ratio, m and e electron mass and charge
respectively and Heff is eﬀective value of the external dc ﬁeld at the location of the
electron. If there were to be no damping processes to inﬂuence the precession of the
magnetic moment, the Heff will never become parallel to the applied ﬁeld, it will only
precess. In reality, however, the magnetization aligns with the applied magnetic ﬁeld
as result of damping processes (ﬁgure 2.10).
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2.2.2 Ferromagnetische Resonanz 
Klassisch erfolgt die Beschreibung der ferromagnetischen Resonanz eines ferromagneti-
schen Körpers im äußeren magnetischen Gleichfeld als Präzession des mechanischen Dreh-
impulses der Elektronen und ihres damit gekoppelten magnetischen Momentes mit der La-
mor-Frequenz fl um die Richtung des effektiven Feldes am Ort des Elektrons: 
effeffll HHm
egf γπω ===
2
2  (2.20) 
Hierbei repräsentiert g den Landé-Faktor, e und m die Elektronenladung und -masse, γ das 
gyromagnetische Verhältnis und Heff den Effektivwert des äußeren Gleichfeldes am Ort des 
Elektrons. Für Elektronen wird die gyromagnetische Konstante (g = 2) mit γ = 176 MHz/ T an-
gegeben [JIL91]20. Die Präzessionsbewegung der Spins ist im Allgemeinen gedämpft. Inner-
halb einer Zeit der Größenordung von 10-8 s klingt diese ab, d.h. die Magnetisierung stellt 
sich in Richtung von Heff ein (Abb. 2-6a). Die Präzessionsbewegung kann jedoch durch ein 
senkrecht zu Heff gerichtetes hochfrequentes Wechselfeld Hhf, dessen Frequenz gleich der 
Lamor-Frequenz fl ist, aufrecht erhalten werden, wobei dem Hochfrequenzfeld Energie ent-
zogen wird (Abb. 2-6b). Dies bezeichnet man als ferromag etisch  Resonanz.  
  
 a)       b) 
Abb. 2-6: Schematische Darstellung einer a) gedämpften und einer b) ungedämpften Spin-
präzession um ein effektives Feld Heff für ein eingestrahltes hochfrequentes Wechsel-
feld Hhf [KNE62]21.  
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Figure 2.10: Schematic representation of Spin precession around an eﬀective ﬁeld Heff
for damped (left) and undamped (right) with high frequency alternating
ﬁeld Hhf .
When an alternating HF ﬁeld is applied at right angles to the applied static magnetic
ﬁeld and when the Larmor frequency equals the HF ﬁeld, resonance occurs. A sharp
drop in the transmitted HF ﬁeld is observed. This phenomenon is called ferromagnetic
resonance (FMR) and the frequency at which FMR occurs is called as FMR frequency.
Kittel [50] formulated the equation for calculating the FMR frequency considering
the eﬀective ﬁeld Heff . The formulation of the ferromagnetic resonance frequency is
based on inner eﬀective ﬁeld and not on the external applied ﬁeld. Thus the resonance
condition is a classical equation of motion of magnetization, given by
dM
dt
= −γ ~M × ~Heff (2.18)
The internal ﬁeld here accounts for the magnetocrystalline anisotropy and the demag-
netizing ﬁeld arising due to the physical conﬁnement of the magnetic sample. It is
deﬁned by the shape of the magnetic sample. The resonance frequency is given by
fFMR =
γ
2pi
√
[Heff + (Ny −N z)M s][Heff (Nx −N z)M s] (2.19)
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Figure 2.11: Schematic representation of arrangement of the ﬁlm during high frequency
measurements, the HF excitation ﬁeld is perpendicular to the easy axis
of the magnetic ﬁlm and to the external static ﬁeld Hdc.
Based on considerations of Landau and Lifshitz the theoretical description of the
damping spin precession from equation of motion is given by
dM
dt
= −γ ~M × ~Heff + γ~M α [M × (M ×
~Heff ] (2.20)
This Landau-Lifshitz equation describes the course of complex permeability for damp-
ing constants α from 0.001 to 0.2. Figure 2.11 shows the schematic drawing of the
arrangement of ﬁelds involved (which is is similar to the high frequency permeameter
used in this work). A thin ﬁlm lies in the XY plane with its easy axis along X-axis.
The applied dc magnetic ﬁeld is in the plane of the ﬁlm along X-axis and perpendicular
to the exciting AC ﬁeld HHF . Then the complex permeability µr is given by
µr = µ
′
r − iµ′r (2.21)
µ
′
r = γ
2.
M2s(ω
2
0 − ω2)
(ω20 − ω2)2 + (4piλω)2 (2.22)
µ
′′
r = γ
2.
4piλωM2s
(ω20 − ω2)2 + (4piλω)2 (2.23)
where ω is the angular frequency and ω0 = 2pifFMR and is given by
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fFMR =
γ
2pi
√
M s(Hk +Hdc) (2.24)
for the case where ω → 0 from equation 2.22, we have
µ
′
r =
M s
(Hk +Hdc)
+ 1µ
′′
r = 0 (2.25)
2.4.3 Eddy currents
In addition to the losses due to ferromagnetic resonance a conductive material shows
eddy current losses. Eddy currents are electric currents induced in a material with
ﬁnite conductivity due to frequency dependent external magnetic ﬁelds. These electric
currents in turn induce magnetic ﬁeld within the material which oppose the changing
external ﬁeld, thus shielding the magnetic ﬁeld from penetrating the material there
by reducing the permeability at higher frequencies. The cut oﬀ frequency due to eddy
currents, fEC , is given by [51]
10
fEC =
4ρ
piµ0µad2
(2.26)
where ρ is resistivity of the material. The roll-oﬀ due to eddy currents can be increased
to higher frequency by choosing smaller eﬀective particle diameter and electrical resis-
tivity as high as possible. One more parameter which is associated with eddy currents
to be addressed is the penetration depth of the magnetic ﬁeld. The magnetic ﬁeld
produced by the eddy currents always opposes the change in magnetization, so that
the magnetization is damped away inside the specimen. The depth (δ) at which the
magnetic ﬁeld is reduced by the factor 1/e is called the skin-depth and it is given by
[52]11
10page no. 609
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δ =
√
ρ
pifµrµ0
(2.27)
The ﬁlm thickness of the material used should be lesser than δ. The computed skin
depth values as a function of frequency, resistivity and permeability for FeCo-SiO2
nanocomposite is given in chapter 6.1.
Requirements for HF application
Considering all the parameters mentioned above, conditions and material parameters
required for eﬀective use of HF material in micro-inductor are as follows.
1. The real part of the hard axis permeability at the operating frequency should
be as high as possible since, in ideal case the inductance of a micro-inductor is
proportional to the HF permeability. ThereforeMs/Hk should be large (equation
2.25).
2. Cut-oﬀ frequency due to ferromagnetic resonance must be higher than the oper-
ating frequency. Controllable anisotropy ﬁeld Hk ensures large fFMR (equation
2.24). It is to be noted that point 1 and 2 are contradictory to each other,
therefore a trade-oﬀ exist between permeability and FMR frequency.
3. Cut-oﬀ frequency due to eddy currents must be higher than the operating fre-
quency. High frequency material should possess electrical resistivity as high as
possible in order to suppress eddy currents (equation 2.26).
4. Magnetic losses in the material, tan δ (equation 2.16) must be as small as possible
otherwise overall quality factor of the micro-inductor suﬀers.
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2.5 Magnetostriction
Magnetostriction is a phenomenon where the physical dimensions of a ferromagnetic
material changes in response to change in the magnetization state of the material
[52]12. The eﬀect was ﬁrst observed by James P. Joule in 1842 hence also known as
Joule magnetostriction (change of shape in the direction of the applied magnetic ﬁeld).
In simplistic form magnetostrictive factor λ can be deﬁned as
λ =
change in length
original length
=
∆l
l
(2.28)
Materials that elongate in the direction of applied ﬁeld have positive λ and conversely
materials with negative λ shrink. However λ is anisotropic, the magnitude depends on
the direction of the applied magnetic ﬁeld and crystallographic direction in which it
is measured. The physical origin of magnetostriction stems from spin-orbit coupling
which is relatively weak, a small magnetic ﬁeld is enough to rotate the spins from easy
direction [24]13. Macroscopically, the magnetostriction can be explained based on the
domains. The external magnetic ﬁeld leads to migration of domain walls within the
material followed by rotation of the domains. These two mechanisms allow the material
to change the domain orientation which in turn causes a dimensional change.
The relatively small magnetostriction coeﬃcient of pure elements (Fe, Co and Ni)
limits their use in engineering. A.E. Clark and his co-workers developed giant mag-
netostrictive materials containing Fe, Dy and Tb of the form TbxDy1−xFe2 since then
known as Terfenol-D. Magnetically induced strain in Terfenol-D is up to 2 x 10−3 under
a mechanical bias at room temperatures and is the most commonly used engineering
magnetostrictive material for many transducer and actuator applications [53, 54]. In
this work Terfenol-D of dimension 15 mm x 2.53 mm x 6.4 mm made by the company
ETREMA Products, Inc.14 is used to demonstrate the strain sensing capabilities of
quasi 2 dimension metal-polymer nanocomposite.
12page no. 343
13page no. 257
14http://www.etrema-usa.com/products/terfenol/
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Techniques
In general, it should be possible to synthesize the nanocomposites by any method
capable of producing nano size particles [55]. Over the years many techniques such as
wet chemistry [56], physical vapor phase deposition, pulsed laser deposition [57, 58]
and chemical vapor deposition have been established. Physical vapor phase deposi-
tion (PVD) provides certain advantages in terms of compatibility with the standard
fabrication processes in microelectronics thus oﬀering easy integration into ICs. As it
has been emphasized throughout this thesis, control over the metal volume fraction
is crucial to ﬁne tune the functional properties, PVD is better suited [16] while wet
chemical methods oﬀer better control over particle size and shape [59]. Moreover by
PVD technique diﬀerent microstructures like multilayer, composites and nanocolumns
[60] can be produced without changing the components and process signiﬁcantly. PVD
technique includes both evaporation and sputtering. In this chapter physical vapor
phase deposition technique as a tool to produce nanocomposite will be presented.
Preparation method employed and the characterization techniques necessary will fol-
low through in subsequent sections.
3.1 2D metal/polymer nanocomposite
Metal-polymer nanocomposites were prepared by combination of wet chemistry and
PVD; ﬁrst by drop coating of the polymer ﬁlm and then thermal evaporation of Au
on to it. Formation of metal clusters is due to strong metal-metal binding forces
compared to the weak interaction between metal and polymer (chapter 2.1).
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3.1.1 Drop coating
Drop coating is probably the simplest technique available to form organic ﬁlms [61],
all one needs is a solution and a balanced horizontal work surface. The procedure is
to apply the solution on to the substrate which results into ﬁlm after evaporation of
the solvent. The solution consists of measured quantity of the material to be coated,
in this case organic molecule and an appropriate solvent. A micropipette can be used
to apply the solution as it can measure accurately and give out small volumes of
solution. This will make sure that every time same amount of solution is dispensed
onto the substrate. The advantage of drop coating lies in it being a very simple
procedure and relatively thick ﬁlms can be produced with good homogeneity. This
process can be easily adapted for disproportionate substrate sizes. Drop coating has
some disadvantages like the formation of borders at the edges of the substrate and
precipitation. Precipitation can be avoided to certain extent by choosing the right
combination of solvent and material of interest.
3.1.2 Thermal evaporation
In this process atoms are removed from the source material by thermal means and
are controllably transferred to the substrate where they condense. Source material
is heated to a high vapor pressure until they evaporate. This process is carried out
in vacuum (p < 10−6 mbar) to avoid reaction between vapor and the atmosphere.
Mean free path of atoms at these low pressures is in the range of chamber dimensions
(should be) so that the vapor can travel from the evaporator and condense on the
substrate. The rate of evaporation is governed by the temperature of the crucible, type
of material that is being evaporated and the pressure. Several techniques are available
in use to heat the source material, in this work resistively heated evaporation source
is employed. The most common and simplest case is evaporation of metals however,
alloys and inorganic compounds can also be evaporated [62]. Thermal evaporation of
alloys is not straight forward as the vapor pressure of the individual elements may vary
leading to preferential deposition of the element with highest vapor pressure. Thus
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Figure 3.1: Schematic drawing of the vacuum system used for thermal evaporation of
Au. The chamber is equipped with a thermal evaporator and a sample
holder to measure the electrical current in-situ.
the composition of evaporated ﬁlm is diﬀerent from that of starting material [13]1. To
overcome this separate evaporation source may be used for individual elements.
Equipment
Thermal evaporation set up used in this work is shown ﬁgure 3.1. The chamber2 is
made up of cylindrical borosilicate glass with stainless steel bottom and top plates. The
bottom plate has arrangement to connect to pumping system and three evaporators
through DN63CF ﬂanges. Similarly, the top lid has openings for sample holder and for
any other accessories needed. Vacuum in the chamber is provided by a set of rotary
and turbo molecular pump. Evaporator consists of a crucible made up of refractory
material, Boron nitride or Alumina. Crucible is surrounded by tungsten ﬁlament for
resistive heating as shown schematically in 3.1. Thermal evaporation of Au was carried
out at ≈ 80 W (4.0 A and 20 V).
1page no. 85
2The chambers were designed and constructed by Dipl.-Ing. (FH) Stefan Rehders, and electronics
by Dipl.-Ing. (FH) Rainer Kloth
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Figure 3.2: Schematic drawing of the sample holder to measure in-situ electrical cur-
rent during deposition.
The chamber is equipped with a sample holder which can measure the electrical current
arising due to the metal atoms between two contact pads 3.2. It consists of spring
operated gold pins which establish contact with the contact pads on the substrate.
During the evaporation process with this set up, one can measure current and tem-
perature on the substrate simultaneously. The deposition rate was monitored through
Quartz crystal microbalance. Here the rate was treated as an indicator of evaporation
process rather than accurate measurement as the amount of Au deposited on each
sample was based on the tunneling current. First step is to get percolation curve for
the conﬁguration of contact pad and polymer. Then the amount of Au deposited can
be tuned in a way that the ﬁnal room temperature current of the samples is in the
percolation region (chapter 4.1).
Figure 3.3 shows a typical in-situ current measurement during Au deposition. Point
A marked in ﬁgure 3.3 is when the evaporator was turned oﬀ. After turning oﬀ the
evaporator, current starts to decrease and it takes a while to reach a steady state.
Energy supplied by the heat to source material gives up upon condensation and is the
principle source for substrate heating. During evaporation process the substrate is at
temperature higher than the room temperature due to heat ﬂux from the evaporator.
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Figure 3.3: An example of in-situ current measurement during evaporation of Au on
to a drop coated polymer, showing the drop in the current after switching
oﬀ the evaporator (see text).
Therefore the current measured is not only due to the arriving Au atoms but also
due to the heat ﬂux and hence a drop in the current is apparent after switching oﬀ
the evaporator. The amount of drop depends mainly on the evaporation rate, length
of evaporation and sample temperature during evaporation process. Even though
all samples were cooled down to 3 ◦C, the measured substrate temperature during
evaporation was 50-60 ◦C. The measured current of the sample is due to surface
conductivity by cluster ﬁlm. Hence the classical resistivity cannot be estimated as
there is no uniform closed ﬁlm.
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3.2 3D Nanocomposite thin ﬁlms
3.2.1 Sputtering
Sputtering is one of the most widely used physical vapor deposition technique to
deposit thin ﬁlms. It refers to the process of emission of atoms, ions and molecules
from a solid surface (target) which is bombarded with high energy ions in an electric
ﬁeld. First, plasma is initiated by applying several kilovolts of voltage to the target
in a sputtering gas medium in which a discharge is initiated and sustained. Inert gas,
typically Argon, is used as sputtering gas for no-reactive sputtering and mixture of
Ar/O2 and Ar/N2 are used in the case of reactive sputtering. Plasma is a partially
ionized gas consisting of equal numbers of positive and negative charges and neutral
molecules [63]3. Once the plasma is generated positive ions in the plasma are attracted
to the negatively charged target (cathode). This collision creates a momentum transfer
and ejects atomic size particles from the target. These particles traverse the chamber
and are deposited onto the substrates. In addition to the target material, secondary
electrons, disrobed gases, negative ions and radiations are emitted from the target as
well. The secondary electrons may collide with neutral gas species ionizing the gas
further. In ﬁgure 3.4 a simple model of some the processes that may occur during ion
solid interaction are shown developed by Wehner and Anderson [64], where chemical
eﬀects were ignored and the atoms were treated as spheres.
Depending upon the target material DC, pulsed DC, RF power supplies are used. DC
sputtering is limited to electrically conductive targets. To sustain a DC-discharge,
the electrodes have to be conducting. In the case of deposition of dielectric ﬁlms, the
electrodes will be charged up due to the accumulation of positive or negative charges
and the discharge will be extinguished. Deposition of non-conducting thin ﬁlms by
DC sputtering requires impossible high voltage [13]4, therefore RF sputtering was
invented. Here instead of direct current, an ac signal in MHz range5 is applied to the
electrodes and the charge accumulated during half cycle will be partially neutralized by
3page no. 49
4page no. 121
513.56 MHz is specially reserved for this purpose
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Firstly, the collisions will thermalize the ions before they reach the substrate. Secondly,
they reach the substrate under various angles, alloying the deposition on complex surfaces.
A simple model of some processes that may occur when an ion strikes a cathode surface was
developed by Wehner and Anderson [69], where chemical eﬀects were ignored and the atoms
were treated as spheres. Fig. 2.1 is a schematic depicting the energetic particle bombardment
eﬀects on surfaces and growing films [70]which depends on the type of ion (mass, charge),
the nature of surface atoms involved and on the ion energy.
Figure 2.1 : Labeled schematic depicting the energetic particle bombardment eﬀects on surfaces and
growing films [70].
Sputtering techniques are usually classified under DC, RF, magnetron and reactive.
Combinations of these techniques also exist. In the scope of this dissertation magnetron
sputtering, DC and RF were used. DC–sputtering is the oldest and simplest sputtering
technique and is limited to electrically conducting materials. In DC–sputtering, a constant
potential diﬀerence between anode and cathode is applied. The potential diﬀerence applied
between cathode and anode drops completely in the first millimeters in front of the cathode.
This cathode voltage drop sustains the plasma by accelerating secondary electrons emitted
for the cathode. Thus, to sustain a DC–discharge, the electrodes have to be conducting.
In this work, the metallic components have been sputter deposited by using a DC mag-
netron sputtering. If one or both are non–conductive, e.g., deposition of dielectric films,
the electrodes will be charged up due to the accumulation of positive or negative charges
Figure 3.4: Schematic of model developed by Wehner and Anderson describing the
processes that may occur during ion solid interaction [64]
the opposite charge accumulated during the next half cycle. Almost all materials are
dep sited by sputtering with the exc ption of some polym rs and complex structures.
In the case of sputtering of alloy target one must keep in mind that diﬀerent elements
have diﬀerent sputtering yield for a given ion with a certain kinetic energy which
results in preferential removal of the element with the higher sputter yield. The
ngular distri ution of the sputtered elements and th position f the substrate too
have inﬂuence on the composition of the deposited ﬁlm.
The conventional sputtering process described above has some limitations due to less
deposition rates and higher working pressure. In conventional sputtering electrons are
soon lost due to recombination at the walls [63]6. These limitations are overcome by
magnetron sputtering method, presently the most commercially popular technique.
In magnetron sputter source presence of magnetic ﬁeld leads to trapping of electrons
near the surface thus enhancing the ionizing eﬃciency. Electrons follow helical motion
around the magnetic ﬁeld lines and they will travel a much longer path-length in the
plasma than in conventional glow discharges, increasing the ionization collisions and
consequently the ion ﬂuxes. Purpose of using a magnetic ﬁeld is to make more eﬃcient
6 page no. 260
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and the discharge will be extinguished. To overcome this problem an alternative voltage
(RF–sputtering) can be applied between cathode and anode, and the charge accumulated
during half cycle will be partially neutralized by the opposite charge accumulated during
the next half cycle. Thus charge build–up on insulating targets is avoided with the use
of RF–sputtering where the sign of the anode–cathode bias is varied at a high rate. RF–
sputtering works well to produce highly insulating oxide films, polymeric films but only with
the added expense of RF power supplies and impedance matching networks. Stray magnetic
fields leaking from ferromagnetic targets also disturb the sputtering process. In this work,
the dielectric components, i.e., PTFE and TiO2 have been deposited using RF magnetron
sputtering.
In addition to this a magnetic field can also be applied. The most well known type
of sputtering characterized by magnetron discharge is called magnetron sputtering and can
be divided in cylindrical, circular and planar [71]. In planar magnetron sputtering an ax-
isymetric magnetic field is applied with a permanent magnet behind the cathode in such
a way that the magnetic field lines start and return at the magnet, as shown in Fig. 2.2.
Thus, a "magnetic ring" is formed at the cathode surface and will be responsible to trap the
electrons that are accelerated away from the cathode. These electrons will move in helices
around the magnetic field lines and they will travel a much longer path–length in the plasma
than in conventional glow discharges, increasing the ionization collisions and consequently
the ion fluxes.
Figure 2.2 : Schematic depicting a magnetron sputtering device.Figure 3.5: Schematic of magnetron sputtering
use of electrons and cause them to produce more ionization [63]7. The magnetic
ﬁeld can be supplied by using permanent magnets, electromagnets or by combination
of both [65]. Many conﬁgurations of magnetic ﬁeld and cathode shape have been
developed such as planar, cylindrical and circular magnetron sputtering. In planar
magnetron sputtering sources the magnetic ﬁeld lines ﬁrst emanate normal to the
target, then bend with a component parallel to the target surface and ﬁnally complete
the magnetic loop (ﬁgure 3.5).
Sputtering of ferromagnetic material
When the sputtering target is ferromagnetic material the inﬂuence of the target on the
ﬁeld distribution of the magnetron must be considered. Depending on the permeability
and thickness of the target, it will weaken the intensity of magnetic ﬁeld exerted by
the permanent magnets of the magnetron system (ﬁgure 3.6). This causes diﬃculty
in sustaining the plasma and the eﬀect only intensiﬁes as the thickness of the target
increases for a given conﬁguration of the magnetron. To avoid this eﬀect either strong
permanent magnets must be used that means the size of the magnetron must be
enhanced. Other possibility is to make the target thin enough to sustain constant
plasma. The available magnetrons during this work were small and limited to use of
target 50 mm in diameter. Therefore the maximum allowed thickens of the target
(FeCo) was ≈ 0.6 mm. That means to produce thicker ﬁlms the sputtering process
7page no. 260
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3 Probenpräparation
Abbildung 3.2: Schematische Zeichnung der Abschwächung des Felds
eines Magnetrons durch ein ferromagnetisches Target.
aus der Targetoberfläche herausgelöst. Analog zur Plasmapolymerisation repolyme-
risieren die Radikale an der Substratoberfläche und bilden einen Film. In dieser Ar-
beit wurde ausschließlich das Fluoropolymer PTFE gesputtert [82–87]. Die Details
der Sputterdeposition von PTFE wurden u.a. in der Dissertation von Schürmann [88]
diskutiert. Die gesputterten PTFE Filme sind amorph und stark vernetzt. Dies än-
dert einerseits ihre mechanischen Eigenschaften im Vergleich zu verdampften Filmen
mit niedrigen Kettenlängen, andererseits wird erwartet, dass ihre Gaspermeabilität
geringer ist. Zusammen mit einer starken Hydrophobizität gewährleistet gesputter-
tes PTFE somit einen guten Schutz der metallischen Nanopartikel gegen Umweltein-
flüsse. Der spezifische Widerstand von gesputterten Fluorkohlenstofffilmen beträgt
107 Ωcm, der Brechungsindex ist n = 1,374 und die Dielektrische Konstante beträgt
ε∞ = n2 = 1,88, was den Werten des reinen PTFE entspricht. Aufgrund der ho-
hen Vernetzung ist zu erwarten, dass die Filme eine geringere Gaspermeabilität und
somit bessere Barriere- und Schutzeigenschaften besitzen als reines PTFE.
3.3 Aufbau der Beschichtungsanlagen
Da am Lehrstuhl für Materialverbunde verschiedenste Materialien mittels PVD Ver-
fahren abgeschieden werden, werden Vakuumkammern eingesetzt, die es ermöglichen
verschiedene Quellen in einem Baukastenprinzip flexibel zu kombinieren. Alle Quel-
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Figure 3.6: Schematic drawing of weakening of ﬁeld due to ferromagnetic target [12] 9
Figure 3.7: Arrangement of permanent magnets in magnetron for sputtering ferromag-
netic materials (left) and non-ferromagnetic materials (right).
must be interrupted to allow the change of target. To circumvent this problem the
availability of an alternate design of magnetron from Thin Film Consulting Company 8
was advantageous, in which the center magnet is replaced by a ferromagnetic material
(ﬁgure 3.7). Here the magnet array uses the ferromagnetic target itself to direct and
conduct the magnet ﬂux deriving from the ring magnet. The magnetic energy of
the ring magnet is so high to saturate the target and establish a magnetic ﬁeld to
conﬁne the plasma in such a manner, that typical sputtering parameters like pressure
and voltage are maintained at a level of non-magnetic targets sputtering. With this
arrangement it was possible to sputter 2 mm thick FeCo target which lasted until
deposition of ﬁlm 3.5 microns in thickness.
8http://www.thfc.de/
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Nanocomposites were fabricated in an already existing sputtering system (in house de-
sign). The general structure of the system is shown in ﬁgure 3.8. It consist of a cylin-
drical stainless steel single vacuum chamber with ﬂanges of diﬀerent sizes (DN63CF)
located at appropriate places as per the design. It does not have load lock facility
meaning, the sample transfer is done manually through hinged main door located on
the front side of the cylinder. The sample holder can work in two modes, stationary
and rotation depending on the need. The chamber was evacuated by a turbomolecular
(Pfeiﬀer TMU-260 or TMU-261) and a rotary vane pump (Pfeiﬀer Duo 5) capable of
reaching base pressure of 1X10−7 mbar. In depth details of sputter system design and
construction are described in previous work [11, 66, 12].
Ferromagnetic materials were sputtered by DC magnetron and TiO2/SiO2 by RF
magnetron sputter sources respectively (ION'X-2 "UHV 9109 - Thin Film Consulting).
Argon was used as process gas and the ﬂow was controlled by a gas dosing system
(Pfeiﬀer Vacuum RVC 300).
Chamber conditions
The chamber was often used for deposition of materials other than ferromagnetic
materials like PTFE, SiO2, TiO2, Au, Ag, Cu etc. Over a period of time thick layers
of these materials will be deposited on the walls of chamber. The high residual stresses
in the magnetic material coated on the walls of chamber probably leads to cracks in
the ﬁlms leading to water absorption and bad vacuum conditions. Especially use of
polymer degrades the vacuum conditions. The magnetic properties, mainly saturation
magnetization are very sensitive to the chamber environment. In order to keep the
walls of chamber free from forming thick ﬁlms due to sputtering, an inner cylinder
ﬁtting exactly into the chamber was used. The cylinder prevented deposition of the
material on the walls of the chamber except where opening are provided. After a
certain set of deposition cycles the inner cylinder was removed and a new cleaned
one was inserted instead of cleaning the whole chamber every time, which is time
consuming exercise. Easily removable parts like shutters, sample holder, magnetron
caps were cleaned thoroughly by sand blasting. By this arrangement, walls of chamber
can be kept free from coating of materials sputtered in the chamber.
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Figure 3.8: Schematic drawing of the vapor deposition system to produce nanocom-
posites. The chamber is equipped with two magnetrons, quartz crystal
microbalance and a rotatable sample holder.
3.3 Structural characterization
Electron microscopy is a powerful method to investigate nanoparticle composite ma-
terials from the morphological and structural point of view. Metal volume fraction
of the nanocomposite was estimated by Energy dispersive Xray analysis. Transmis-
sion electron microscopy was used extensively to investigate the morphology of the
nanocomposites.
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3.3.1 Energy dispersive Xray analysis
The energy dispersive X-ray spectroscopy (EDS or EDX) is a widely used non-destructive
technique for qualitative and quantitative characterization of the elemental composi-
tion of sample. It uses a high energy electron beam to generate X-rays with in a
sample. These X-rays are characteristics of the constituents of the sample and carry
vital information. Electron microscope is designed to detect and measure these charac-
teristic X-rays. The technique is very often used in conjunction with scanning electron
microscopy and transmission electron microscopy.
Interaction of electrons with solids
Electron bombardment of the sample and its interaction with the matter produce
number of eﬀects. The interaction process involves collision of the electron with posi-
tively charged nucleus (elastic scattering) and orbital electrons of the atom (inelastic
scattering) [67]10. In inelastic scattering, energy of the incident electrons is transferred
to electrons of the atomic shell and it changes its direction and slows down. Inelastic
interactions produce diverse eﬀect including characteristics X-rays which are basis of
electron microprobe technique. Due to these numerous diﬀerent scattering processes,
originally sharp focused electron probe spreads over a greater volume after interaction.
The zone in which these interactions occur is the interaction volume whose shape and
the size depend on the material (atomic number z) and the energy and incidence angle
of electron beam. The penetration depth of the electrons increases with increasing the
acceleration voltage and decreases with increasing the atomic number.
During the electron bombardment of the sample the incident electron ionizes the
sample atom by ejecting the inner-shell electron thus creating a vacancy. As a result
the atom is at higher energy state and it returns to its ground state when the outer
shell electrons ﬁll the vacancy. The energy released in this process leads to emission of
either a photon which is 'characteristics' of the element or Auger electron. The process
repeats in similar sequence until the atom attains its neutral ground state. The whole
series of X-ray emission signals can be sorted based on energy in an energy dispersive
10page no. 42
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X-ray detector. Thus, an X-ray spectrum can be acquired giving information on the
elemental composition of the material.
Typically K − α are used for investigation. Energies of the K and L lines for the
material relevant to this work are given in table 3.1. For analysis one must select an
acceleration voltage exceeding the absorption energy of the line intended for analysis
and in practice as a thumb rule a factor of 2 to 3 is used to eﬃciently excite the X-ray
line with an electron beam.
Element Z Kα1 Kα1
Fe 26 6.40 0.60
Co 27 6.93 0.77
Oxygen 8 0.52
Table 3.1: Atomic number Z and the energies of K and L lines of selected elements.
In general, the quantitative analysis is performed by comparing the characteristics X-
ray intensity from the sample and that measured from the standard. The composition
of the standard must be known and the measurement of the sample and standard
must be carried out under same device parameters. However, a signiﬁcant deviation
may exist between the measured sample and the standard due to complex alloys,
composites etc. The most common correction factors known as ZAF corrections are
employed. Here Z refers to atomic number correction which is product of two compo-
nents, backscattering and electron stopping power (s). The A-factor compensates for
the diﬀerent X-ray absorption. The absorption correction is a function of the take-oﬀ
angle and Z. A material with higher atomic number absorbs more radiation before it
can escape from the sample. The correction for ﬂuorescence (F) is a function of the
elements present, their concentrations, mass absorption coeﬃcients and the take-oﬀ
angle.
For the ﬁlm thickness investigated in this work, the ﬂuorescence and adsorption con-
tributions play very minor role. The ZAF factor is calculated from the computer
interface provided with the device. The metal volume fraction can be determined
either by gravimetric method or by EDX analysis and also by thickness calibration.
41
3 Fabrication and Characterization Techniques
In the work of Schürmann [11, 16] diﬀerent techniques to determine the metal vol-
ume fraction have been reviewed. The metal ﬁlling factor in co-sputtered Ag-PTFE
nanocomposite ﬁlm was calculated by gravimetric method and EDX. It was found that
for ﬁlm thicknesses up to 250 nm there is a good agreement between two methods.
For low ﬁlling factor the intensities obtained from EDX are associated with errors due
to low amount of metal. For the gravimetric method it is important to determine the
density of the matrix material (host) and that of metal accurately. Therefore the ﬁlm
thickness and the area must be signiﬁcantly higher to avoid errors in weight measure-
ment. In this work EDX was primarily used to determine the metal volume fraction of
the composite for example FeCo in FeCo-TiO2 nanocomposite. The X-ray spectra for
the sample to be analyzed and the standard of known thickness are obtained under
same device parameters. The standard here is the sputtered FeCo metallic ﬁlm of
known thickness. The thickness of the standard must be approximately in the same
range as that of the nominal ﬁlm thickness of metal in the composite ﬁlms. A large
diﬀerence in the layer thickness leads to errors due to the diﬀerent excitation volumes
of diﬀerent elements. The MVF then is calculated by ratio of normalized sample in-
tensity to the normalized standard intensity. The intensity values were normalized to
counts of events per second (cps), as it changes with the beam current over a longer
measurement.
3.3.2 Transmission electron microscopy
Transmission Electron Microscopy (TEM) is a very powerful tool oﬀering higher res-
olution down to atomic dimensions. It also gives valuable information about mate-
rial structure such as grain size, crystal defects etc [67]11. In transmission electron
microscopy thin specimens (electron transparent) are irradiated with a beam of high-
energy electrons. The transmitted electrons through the specimen form an image
which is magniﬁed by several electron-optical lenses subsequently. This image can be
viewed directly on a ﬂuorescent screen or recorded by CCD camera.
11page no. 170
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TEM can be operated either in imaging, diﬀraction and spectroscopy modes. Electron
diﬀraction pattern essentially depends on the type of specimen. Amorphous substance
produce diﬀuse rings, ﬁne grained polycrystalline specimen produce ring patterns and
thin single crystalline substance produce spot patterns [68]. Thus diﬀraction patterns
provide vital information about the crystal system and the type of lattice of a material.
There are diﬀerent imaging modes in the TEM experiment depending on which part of
the transmitted electrons used to form images. In bright ﬁeld mode only unscattered
electrons and electrons scattered up to a small objective aperture angle θo are used.
Morphology and chemical analysis of FeCo-TiO2 was carried at Synthesis and Real
Structure group held by L. Kienle. Instrument type and the parameters are, HRTEM
with a Tecnai F30 G2 ST (FEG, 300 kV, spherical aberration Cs = 1.2 mm) and a
Philips CM 30 ST microscope (LaB6 cathode, 300 kV, Cs = 1.15 mm). All images
were recorded with Gatan Multiscan CCD cameras and evaluated with the programs
Digital Micrograph 3.6.1 (Gatan) or Crisp (Calidris). Selected area electron diﬀraction
(SAED) was carried out using a diaphragm which limited the diﬀraction to a circular
area of 250 nm in diameter. Chemical analysis by an energy dispersive X-ray spectrom-
eter (EDX) was performed in the nanoprobe mode and by spectral imaging (scanning
mode) with a Si/Li detector (Noran, Vantage System). Heating experiments were
performed in-situ within the Tecnai F30 G2 by using a double-tilt Tantalum heating
stage holder (Gatan)12 in which sample can be heated up to 1000 ◦C.
3.4 Magnetic measurements
3.4.1 Vibrating sample magnetometer
One of the fundamental magnetic properties of a magnetic material is its magneti-
zation behavior under the external magnetic ﬁeld. Vibrating Sample Magnetometer
(VSM) credited to S. Foner [69], is widely used instrument for characterizing the mag-
netic material. The operating principle is based on Faraday's law which states that an
12http://www.gatan.com/holders/652_double_tilt_heat.php
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electromagnetic force is generated in a coil when there is a change in the ﬂux linking
the coil. The schematic of the instrument is shown in ﬁgure 3.9. The magnetization
of the sample is achieved by pair of electromagnets which produce homogeneous mag-
netic ﬁeld along the X-axis. Fixed pick up coils are mounted on the pole pieces of
electromagnets and the sample mounted on sample holder is positioned centrally in
the pick up coil. The other end of the rod is ﬁxed to an oscillator which produces
sinusoidal vibration giving a vertical motion to the sample (Z-axis).
The mechanical vibration of the sample gives rise to change in the magnetic moment
of the sample which induces a voltage in the pickup coils. The magnitude of the
voltage measured across the pickup coils is proportional to magnetic moment of the
sample and the sensitivity of the pickup coils. It is also proportional to amplitude of
vibration and frequency of vibration. The later can be separated by lock-in techniques
by providing a reference signal at the vibrating frequency of the vibrating unit. The
voltage generated is ampliﬁed by a lock-in ampliﬁer which is sensitive to only the
signals at the vibrating frequency.
In this work, a VSM 7300 from Lakeshore Cryotronics, Inc., Westerville, USA, was
used. The instrument is capable of applying ﬁeld up to 2 T and sensitive enough to
measure the magnetic moment down to µ emu. It is also possible to measure the mag-
netization in diﬀerent directions by precise turning of the rotating and vibrating head.
Before each measurement it is necessary to calibrate the instrument, which is done
by a Ni-standard spherical in shape supplied by the instrument manufacturer. The
magnetization of the sample is calculated through the magnetic volume of the sample.
The plausible errors in the measurement of magnetization curve of the sample arise
from the diﬀerent geometry of the sample compared to that of the Ni-standards, and
also from the volume determination necessary for the calculation of the magnetization.
Thus the error is in the range of about 5% [70]13.
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3.4 Magnetic measurements
Figure 3.9: Schematic representation of the VSM set up. Sample attached to the
sample holder oscillates in the presence of the static magnetic ﬁeld. This
movement of the sample creates an alternating voltage in the pick-up coils
which is proportional to the magnetic moment of the sample
3.4.2 Magnetoresistance measurement
In this work the magnetoresistance measurements were carried out by two point mea-
surement system at room temperature. The schematic of which is shown in ﬁgure
3.10. It consists of pair of electromagnets, mechanical manipulators attached to which
are gold pins to contact the sample and a Keithely 2400 with built in power source.
All these devices are interfaced through a computer program which provides control
over the measurement parameters. The sample is placed in a homogeneous magnetic
ﬁeld generated by a pair of electromagnets. Magnetic ﬁeld is swept from maximum to
minimum value while measuring the current (at constant voltage).
3.4.3 High frequency permeability measurement
High frequency characteristics for the nanocomposite and multilayer system were car-
ried out at Microwave group held by R. Knöchel at Institute of Electrical and Informa-
tion Engineering. The detailed experimental procedure and measurement technique
itself has been described at [71, 72, 73], only a brief description will be given here.
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Figure 3.10: Schematic representation of the TMR measurement set up. The sample
is placed in a homogeneous static magnetic ﬁeld with current applied
parallel to the magnetic ﬁeld.
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Abstract — This paper presents a new permeameter for mea-
surement of the complex permeability µ of magnetic thin films 
up to 15 GHz. The permeameter consists of a strip conductor, 
which acts as an inductor and is loaded with the magnetic ma-
terial. The geometry is optimized with respect to sensitivity and 
self resonance by field simulations using HFSS. A new wideband 
calibration procedure up to the self resonance frequency of the 
fixture is also outlined. It utilizes a reference material with 
known permeability, where the ferromagnetic resonance is 
shifted by an external magnetic DC field. Frequency dependent 
calibration factors are introduced. Small residual errors at low 
frequencies are removed through vibrating sample magnetome-
ter measurements. 
 
I. INTRODUCTION 
Knowledge of the permeability of ferromagnetic thin films 
at high frequencies is of great importance for the design and 
the development of rf components such as inductors, resona-
tors, transformers or circulators. Magnetic thin films can im-
prove the performance or reduce the required volume of these 
components within the frequency range from typically a few 
MHz up to several GHz.  
The complex frequency dependent permeability is characte-
rized by four material parameters: The DC-permeability µDC, 
the quality factor Q=µreal/µimag, and by parameters describing 
two loss mechanisms, namely the ferromagnetic resonance, 
described by the frequency fFMR, as well as by eddy currents. 
These quantities are illustrated in fig.1, where results pre-
sented in [1, 2] were used.  
 Fig.1 Typical permeability spectrum 
The permeability of magnetic thin films can be determined 
with two different measurement approaches. An rf-
transformer [3] or an inductor [4] can be loaded with the sam-
ple. Permeability is extracted from measurements of the scat-
tering parameters with the help of a network analyzer (NWA) 
before and after insertion of the magnetic thin film. For the 
accurate and wideband determination of the four material 
parameters the sensitivity has to be optimized. The frequency 
range is limited by the self resonant frequency fres of the test 
fixture, which requires the minimization of parasitic reac-
tances. 
This paper reports a novel and optimized test fixture, dedicat-
ed to permeability determination, called permeameter, which 
allows measurements up to 15GHz, together with a new cali-
bration and measurement procedure. 
II. TEST FIXTURE AND MEASUREMENT PRINCIPLE 
The permeameter is shown in fig. 2. It consists of a short 
circuited strip transmission line, which acts as an inductor L. 
The magnetic thin film is inserted between the strip conductor 
and ground. The circuit is optimized with the help of the 3D 
full wave solver HFSS with regard to geometry and parasitic 
reactances. In contrast to the arrangement of [4], which re-
quires reflection measurements, the present set up works in a 
T-configuration similar to that of [5] and allows transmission 
measurements. 
 
 
Fig.2 Permeameter   
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Figure 3.11: Schematic drawing of the high-frequency permeameter [71]
The permeability of magnetic thin ﬁlms can be determined either by using it as core of
suitable high frequency transformer [74] or coil [75]. Here, the magnetic permeability
can be determined indirectly by the frequency-dependent transformer parameters or
changing the impedance of the inductor with and without sample. Figure 3.11 shows
the schematic drawing of the permeameter. It consists of a short circuited strip trans-
mission line, which acts as an inductor. The magnetic thin ﬁlm is inserted between
the strip conductor and the ground. The set up works in a T-conﬁguration similar to
that described in [76] and allows transmission measurements. Permeability values are
calculated from the measurement of transmission parameter S21(f).
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z = jωL (3.1)
With Z0 being the characteristic impedance of the connecting transmission lines, S21
is calculated as
S21 =
[
1 +
Z0
2Z
]−1
(3.2)
If the inductance of the empty ﬁxture is L0, the change through insertion of the ﬁlm
is assumed to be proportional to the magnetic susceptibility (µ − 1). Considering a
ﬁlling factor F, the inductance L can be written as
L = L0(1 + F (µ− 1)) (3.3)
For narrow strip conductors, the ﬁlling factor can be approximated by the ratio
F = As/Ae, where As denotes the cross section area of the magnetic sample and
Ae that of the empty ﬁxture. For accuracy reasons Ae has to be determined in prac-
tice with 3.2 and using a sample with known parameters µ and As (at low frequencies).
There two ways to obtain the permeability spectrum. One possibility is to measure
S21,e with the empty permeameter (F = 0) in order to determine L0. Instead, the
sample can be placed into the ﬁxture and a strong B-Field (1 Tesla) is applied to sat-
urate the magnetic material (µ = 1). This approach is by far more accurate because
positioning errors and inﬂuence of the substrate are taken into account. Next step is
the determination of S21,s with the unknown magnetic thin ﬁlm sample. To calculate
µr the ratio R = S21,s/S21,e and above equations are used
µr =
Z0(R− 1 + F )− 2jL0ω(F − 1)(R− 1)
F (Z0 − 2jω(R− 1)) (3.4)
For thin ﬁlms using the approximations F << 1 and R ≈ 1 equation 3.4 is simpliﬁed
to
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µr − 1 = K
F
[
S21,s
S21,e
− 1
]
(3.5)
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4 2D Nanocomposites to Monitor
Magnetostriction Through Quantum
Tunneling
4.1 Concept and fabrication details
Two diﬀerent mechanisms or material properties can be combined in a way such that
each phase adds to the functionality of the hybrid or the composite material, resulting
in new sets of devices [77]. This concept of "Product Properties" has found great
application, especially in the ﬁeld of magneto-electric composites [78, 79]. Likewise,
magnetostriction and quantum tunneling are two eﬀects that can be combined to read a
magnetically induced strain by a simple electrical resistance measurement. The hybrid
material presented here consists of a macroscopic Terfenol-D crystal and a functional
nanocomposite layer attached to its surface as illustrated schematically in ﬁgure 4.1.
The functional nanocomposite layer is made of polymer and Au nanoparticles in a
regime near to the percolation threshold and embedded just below the polymer surface.
In this scenario, the elongation produced in a magnetostrictive element is transferred
to assembly of Au nanoparticles by mechanical coupling. This magnetically induced
strain leads to changes in interparticle separation in the nanoparticle assembly, giving
rise to a change in tunneling current between the metal nanoparticles. Since the
tunneling current is exponentially dependent on the interparticle distance, a small
change in distance can lead to a large change in tunneling current. The functional
layer can be transferred to any substrate easily. The presence of polymer is an added
advantage when the substrate is conductive as is the case here. Fabrication procedure
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speciﬁc to the hybrid system is described in the following section and experimental
technique is explained in detail in chapter 3.1.
Figure 4.1: (a) Schematic view of the hybrid system and (b) top view showing the
geometry of the contact pads.
Steps involved in the sample preparation are shown in ﬁgure 4.2. The fabrication pro-
cess consists of drop coating of polymer solution on to a cleaned Terfenol-D crystal and
drying in an air ﬂow controlled set up to achieve maximum homogeneity. Polymer so-
lution was formed by dissolving a known quantity of polymer granules in toluene. Two
polymers were selected namely Poly(methyl methacrylate)(PMMA) and Polystyrene
(PS).
For the sensor to function, it is essential that the polymer layer provides electrical
insulation between the conducting Terfenol-D and the Au nanoparticles. A series of
polymer ﬁlms with diﬀerent ﬁlm thicknesses were tested to ﬁnd the optimum layer
homogeneity while providing a good electrical insulation. Polystyrene ﬁlm could not
provide electrical insulation between conducting Terfenol-D and contact pads sputter
deposited on to the polymer (ﬁgure 4.2). The short cut suggests that there might be
pin holes in the PS ﬁlm through which electrical connection was established. Therefore
PS was ruled out as it could not function as electrically insulating layer. It turned
out that PMMA is suitable in preventing leakage currents better than PS. A ratio of
105.23 mg PMMA to 7 ml toluene which results in ﬁlm thickness of few micrometer
was used for all samples.
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Figure 4.2: Process ﬂow illustrating the steps involved in fabrication of hybrid system.
Next, two electrical Au contact pads with a narrow gap (0.4 mm) were realized by
sputter deposition using a shadow mask (ﬁgure 4.1). Electrical resistance across the
gap was checked to verify insulation by PMMA ﬁlm. Nanoparticles were formed by
thermal evaporation of Au (chapter 2.1). During the evaporation process, evaporation
rate and amount of Au were controlled by a quartz crystal microbalance. Sample
temperature was controlled by a thermocouple connected to an identical reference
sample placed besides real sample. Electrical current across the gap arising due to
arriving Au atoms was measured in-situ at 1 V. Five samples were prepared with
diﬀerent amounts of Au and hence diﬀerent tunneling currents as listed in table 4.1.
Samples can be classiﬁed either with respect to nominal amount of Au deposited or
the tunneling current after evaporation. Tunneling current was chosen as it gives the
direct interpretation. The change in electrical resistance due to magnetic ﬁeld were
measured in a two point probe setup using a Keithley 2400 source meter in a magnetic
ﬁeld of up to µ0Hext = 0.5 T (chapter 3.4.2). The tunneling current across the gap
51
4 2D Nanocomposites to Monitor Magnetostriction Through Quantum Tunneling
0 5 0 1 0 01 0
- 1 1
1 0 - 1 0
1 0 - 9
1 0 - 8
1 0 - 7
1 0 - 6
1 0 - 5
1 0 - 4
1 0 - 3
1 0 - 2
m e a s u r e d  a t  1 V
Cur
ren
t / A
D e p o s i t i o n  t i m e  /  m i n
P e r c o l a t i o n  r e g i o n
Figure 4.3: Electrical current measured in-situ as function of deposition time during
evaporation of Au on PMMA. The circles represent approximately the
tunneling current obtained for the ﬁve samples prepared
is function of the dimensions of the gap, deposition temperature and rate. Therefore
prior to the preparation of ﬁve samples, percolation curve was generated (ﬁgure 4.3)
which was used as reference. The result of such measurement from Au deposition on
PMMA is shown in ﬁgure 4.3. Electrical current measured across the gap increases
with deposition time (amount of Au) and ﬁnally when Au coverage is close to the ﬁlm
conductivity reaches metallic type. For the sensor, to function the current must be
in the transition region, i.e., between pure insulating and metallic region. Therefore
the amount of Au deposited on ﬁve samples were chosen such that the ﬁnal room
temperature current lies in the transition region. The circles marked on the graph
represent approximately regions/ﬁnal current obtained for the ﬁve samples studied in
this work.
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4.2 Sensor characterization
Strain as a function of magnetic ﬁeld in Terfenol-D crystal is shown in ﬁgure 4.4. The
maximum strain of 0.07% was obtained at a magnetic ﬁeld of 0.5 T, which is consistent
with other reports [80]. Shape of strain vs ﬁeld curve ﬁts well with that of data sheets
from the company1. Magnetostriction of Terfenol-D crystal was measured by optical
means. A home-made sample holder (ﬁgure 4.4) was used to position the sample in
the center of Brucker electromagnet system. Due to space limitations, elongation of
the crystal was translated into an orthogonal displacement of L-shaped lever with a
mirror attached to it. Direct contact between lever and the crystal was ensured by a
small preload (<0.5 N ) that was applied via mechanical spring. Movement of the lever
was detected by laser triangulation and the elongation of the crystal was calculated
by basic geometry.
Figure 4.4: (a) Schematic of strain measurement setup (b) Magnetic ﬁeld induced
strain for Terfenol-D crystal
1http://www.etrema-usa.com/products/terfenol/
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Figure 4.5: Electrical resistance as a function of applied magnetic ﬁeld measured across
the gap at 1 V for diﬀerent initial tunnel current I0
4.2.1 Dependence of sensitivity of sensor on gold layer
coverage
Change in resistance through the Au nanoparticles as a function of applied magnetic
ﬁeld under equal loading conditions is shown in ﬁgure 4.5.
The resistance curve reveals an almost identical shape compared to the strain curve
indicating transfer of strain without any hindrance by the polymer layer. Analogous
to tunnel magnetoresistance the change in resistance was calculated by
QMR =
RH −R0
R0
(4.1)
where RH and R0 are resistance measured under applied magnetic ﬁeld and zero
magnetic ﬁeld respectively. Here QMR stands for "Quasi-Magneto-Resistance" to
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Sample ID I0 (nA) QMR (%)
a 15 3.07
b 95 6.07
c 185 5.50
d 350 4.47
e 550 2.87
Table 4.1: Comparison between QMR and tunnel current directly after evaporation
(I0).
recognize the fact that the resistance change is not magnetoresistance eﬀect but due
to a combined eﬀect of magnetostriction and quantum tunneling. A maximum change
of 6.07% was observed among set of ﬁve samples prepared. The sensor characteristics
diminish for samples having tunneling current higher and lower than sample c as seen
in table 4.1. Higher eﬀect can be ahceived for a certain constant bias ﬁeld which will
shift the point of origin of the QMR curve to higher slope.
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Figure 4.6: a) Resistance as function of magnetically induced strain for sample c, ex-
tracted from (b) QMR curve and (c) strain measurement curve.
Resistance as function of magnetically induced strain for sample c is shown in ﬁgure
4.6 a which is extracted from the strain measurement data and the QMR data. In limit
to small strain, the change in resistance is directly proportional to strain. However,
as seen in ﬁgure 4.6, there is a small deviation around 0.04% strain. The deviation
might come from measurement of strain of the magnetostrictive crystal. However, this
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deviation does not seem to have any considerable inﬂuence on the performance of the
sensor and can be addressed systematically during future work.
Another important factor to characterize the strain sensors is gauge factor (GF) de-
ﬁned by relative change in the resistance divided by strain. Resistance as function of
magnetically induced strain is shown in ﬁgure 4.6 for sample c. In the limit of small
strain ∆R/R = g where g can be regarded as gauge factor. Sample c has gauge factor
of about 80. This value ranges between those of commercially available metallic strain
gauges (GF 2 - 4) and piezoresistive semiconductor strain gauges (GF 40 - 140) but it
is much smaller than those achieved by sensors based on magnetic tunnel junctions
(GF > 800) [81]. In comparison to strain gauges based on tunneling in nanoparticles
assemblies [82, 83] whose gauge factor is in the range of 100, the present technique
has advantage that, functionalization of nanoparticles is not required and most impor-
tantly the tunneling current can be monitored in-situ thus increasing the probability
of reproducing the exact eﬀect.
4.2.2 Repeatability
It is also important that the mechanism should be capable of sustaining repeated
usage. Prepared sensors were subjected to multiple runs (each run comprised of two
elongation and two contraction cycles) as shown ﬁgure 4.7. The diﬀerence in resistance
measured at zero, +Ve and -Ve maximum ﬁelds were compared for each run to estimate
the deviation ∆R. These values for sample c are listed in listed in table 4.2. Maximum
∆R is less than 1% for all samples. For sample c, the maximum diﬀerence between
each run at respective ﬁelds ∆R is negligible and the variance of QMR over three
runs is 0.24% thus showing better charactersitics than the other four. These factors
indicate the robustness of the device.
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Measurand 1st run 2nd run 3rd run max ∆
R at min B (MΩ) 16.960 16.959 16.953 0.03%
R at zero B (MΩ) 16.099 16.100 16.100 0.01%
R at max B (MΩ) 16.966 16.968 16.962 0.04%
QMR 5.501 5.501 5.488 0.24%
Table 4.2: Deviations in resistance ∆R for sample c over three runs. R-Resistance;
B-Magnetic ﬁeld
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Figure 4.7: Repeatability of the signal trace. ∆R indicates the maximum diﬀerence of
resistance between each run at respective ﬁeld.
4.2.3 Aging and preventive measures
Sensors have to work stable over a long period of time for eﬀective usage in applications.
Over a period of time aging processes adversely aﬀect the stability of sensors and hence
were also studied in detail. Among the set of ﬁve samples, c and d were selected for
study. They were stored in ambient conditions and readings were taken over a period
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Figure 4.8: Eﬀect of aging phenomena on the QMR behavior for sample c. The sample
was stored in ambient condition for six months.
of six months. In ﬁgure 4.8 the eﬀect of aging on the sample resistance and QMR for
sample c is shown. The tunneling resistance has already increased from 5.4 MΩ to
7.3 MΩ in 24 hours and over the next 25 days it is twice as much as it was on day
one of QMR measurement. Remarkably the QMR stayed in the same region with bit
of degradation and overall symmetry of the QMR curve has improved. The question
however is, whether this phenomena of change in tunneling resistance saturates at
certain point in time and if the QMR is still measurable. After six months, when
the QMR was remeasured it was clear that the tunneling resistance has increased
considerably up to 54MΩ answering our question. In fact, the resistance has increased
to an extent that the signal is noisy and can no longer be measured at 1 V and in
contrast, the QMR has remained nearly constant with negligible degradation.
In oder to prevent signiﬁcant aging behavior the cause has to be identiﬁed. The mo-
bility of the nanoparticles in the polymer matrix could be one of the reasons otherwise
one should not see such a change in the tunneling resistance over the time. One of
the ways to inhibit this is to embed the Au nanoparticles into the underlying polymer
layer. This process has been employed for stabilization of such metal/polymer system
in diﬀerent applications [84, 85].
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The embedding process typically involves a heating cycle up to the glass transition
temperature of the polymer matrix. Both current and temperature were recorded
throughout the process as shown in ﬁgure 4.9. One can identify two distinct regions:
a) an increasing current as temperature increases b) a decreasing current due to em-
bedding of the nanoparticles. The nanoparticles below the polymer have lower Gibbs
energy than those at the surface hence the reduction of high surface energy of the
nanoparticles is the driving force for the embedding process [86]. As the tempera-
ture rises current increases at ﬁrst, which is due to an increase in thermally activated
hopping process between the nanoparticles. This process continues until the polymer
reaches its surface glass transition temperature, in this case 75 ◦C marked by softening
of the polymer near the surface and decrease in the current. Metal nanoparticles begin
to embed into the polymer matrix [87] and thereby increasing the distance between
the nanoparticles. Therefore a drop in the conductance is seen. After embedding, the
nanoparticles below the polymer surface reach a metastable state at room tempera-
ture slowing down the movement further. Glass transition temperature Tg of pure
PMMA is 105 ◦C [88] 2, however in the present case the embedding process starts
at temperatures below 105 ◦C as seen in resistance versus temperature measurements
(ﬁgure 4.9). This diﬀerence can be explained by the importance of surface glass tran-
sition temperature for the embedding process which is lower than the bulk transition
temperature [85].
In order to understand the eﬀects of embedding combined with aging, the QMR was
measured directly before and after embedding process and in addition after six months
which are shown in ﬁgure 4.10. Initial resistance increased from 4MΩ to 10MΩ, how-
ever, the most important point to note is that the shape of hysteresis is preserved,
indicating that the combined mechanism of the sensor is not aﬀected by embedding
process. Furthermore, the QMR also did not change signiﬁcantly and the mirror
symmetry around zero magnetic ﬁeld of the measurement signal has also improved.
Embedded sample was stored under the same conditions as that of previously men-
tioned sample c for six months. As shown in ﬁgure 4.10 b) and c), the change in the
resistance is much smaller (2 MΩ compared to 38 MΩ of non embedded sample c)
and remarkably the QMR amplitude did not change signiﬁcantly.
2page no. 203
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Figure 4.9: Changes in electrical resistance during embedding process.
4.3 Model to use metal/polymer composite in
cantilever-type actuators
The quasi two dimensional metal/polymer system is not just restricted to Terfenol-D
crystal, it could be transfered to any substrate. The functional layer can be downscaled
to sub-micrometer dimensions where other strain measurement techniques become
more and more complex and costly. Therefore, its application in magneto-electro-
mechanical systems (MEMS) is highly promising, for instance in combination with
cantilever-type actuators [89]. The coating of these actuators with the functional layer
as presented here oﬀers an easy and cheap way to monitor their bending behavior. This
is also a promising concept, e.g., for atomic force microscopy (AFM) tips [90], where
the electrical read out of the functional layer can be easily used for the surveillance of
the mechanical behavior of the AFM tip. It has to be kept in mind that the average
strain on the surface of the cantilever has to be in the range required by the 2-d
functional layer.
60
4.3 Model to use metal/polymer composite in cantilever-type actuators
- 0 . 6 - 0 . 3 0 . 0 0 . 3 0 . 6
3 . 8 0
3 . 8 5
3 . 9 0
3 . 9 5
 
!	! !#!
	
 
R / 
MO
hm
$"!


!#
- 0 . 6 - 0 . 3 0 . 0 0 . 3 0 . 6
9 . 6
9 . 8
1 0 . 0
- 0 . 6 - 0 . 3 0 . 0 0 . 3 0 . 6
1 1 . 6
1 1 . 8
1 2 . 0
 
Figure 4.10: Aging and embedding phenomena for sample d. (a) QMR before embed-
ding (b) QMR directly after embedding. The resistance has increased 3
times while change in the QMR is negligible. (c) Eﬀect of aging. Un-
like sample c, which did not undergo the embedding process, the change
in the absolute value of the resistance is small (2 MΩ), while the QMR
amplitude remained almost constant at above 4%.
In order to ascertain that the functional layer can be adapted to cantilever-type actua-
tors, simple bending beam experiments were performed. A polyimide foil of dimension
14 mm x 3.3 mm x 0.125 mm was used as substrate. The functional layer was prepared
on this foil in a similar way as that on the Terfenol-D crystal. In this case, the gap was
located close to the hinge point as here a maximum bending occurs. Prepared sample
is then clamped at one point and measured quantity of load was applied on the free
end as shown in ﬁgure 4.11. The change in resistance due to deﬂection of the beam is
shown in ﬁgure 4.12. Principle mechanism is same as earlier, but unlike longitudinal
strain, here the strain is due to bending of the beam. Bending due to the load was
estimated by beam deﬂection formula and is tabulated in 4.3.
δmax =
Fl3
3EI
where I =
bh3
12
(4.2)
where δmax being maximum deﬂection at the free end of the cantilever for the corre-
sponding load F, (b x h x l) are dimensions of the beam in m, I is moment of inertia
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Figure 4.11: Schematic of the cantilever type model for testing the quasi 2d
metal/polymer nanocomposite
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Figure 4.12: Changes in the resistance due bending of cantilever beam with point load
at the free end. The spikes seen in the measurement curve originate from
small vibrations caused while placing/removing the load manually.
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4.3 Model to use metal/polymer composite in cantilever-type actuators
Load (g) Force (N) deﬂection δmax (µm) ∆R (%) strain (%)
0.11 0.0010 612 3 0.052
0.19 0.0018 1058 4.5 0.09
0.23 0.0022 1280 6 0.11
Table 4.3: Maximum deﬂection at the free end and the strain in the region where the
sensor is placed due to the bending estimated from beam formula.
and E Young's modulus of the beam material 3. The strain on the surface of the beam
at any section X is given by
(X) =
6M(X)
Ebh2
where M(X) = F.X (4.3)
The model experiment demonstrates that the metal/polymer functional layer can be
used in cantilever as well.
3 E=3GPa for Polyimide (kapton) foil, source Goodfellow GmbH
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5 3D Nanocomposites Exhibiting Tunnel
Magnetoresistance
In the previous chapter polymer based nanocomposite was discussed in detail with
respect to its preparation and application as strain sensors. It has some limitations
due to its dimensionality because of which it can not be applied universally. In 3D
nanocomposite, metal nanoparticles are dispersed uniformly in an insulating matrix
which can be made into ﬁlms of micrometer thickness preserving the metal to insulator
ratio. In this chapter, nanocomposites consisting of Fe50Co50 (hence forth FeCo) as
ferromagnetic component in a ceramic matrix will be presented. In comparison to the
previous hybrid material here Au is replaced by FeCo and polymer by TiO2. The need
for the ceramic matrix arises because of chemical reactions between magnetic material
and the organic matrix during co-sputtering [12]1. It is known that, nanoparticles are
very reactive due to extremely high surface area to volume ratio. Fluorine and carbon
being the main elements in the polymer (Teﬂon-AF), forming of metal ﬂuorides are
very likely during co-deposition (evaporation and sputtering). Presence of Oxygen
compounds in Teﬂon AF as well as the residual gas in the chamber makes it more
complicated. Due to which the resulting nanocomposites are no more ferromagnetic
in nature thus depriving it of the possible applications. Chemical reaction are not
expected to be severe in the case of ceramic matrix assuming that the oxygen is tightly
bound to the matrix material, especially forTiO2, and formation of metal ﬂuorides does
not exist. Therefore ceramic matrix was opted instead of polymer.
Following chapter deals with the tunnel magnetoreistance in FeCo-TiO2 system. As
discussed in chapter 2, the functional properties of nanocomposite can be tuned de-
pending on the metal volume fraction (MVF). Therefore the characteristics and the
1page no. 77
65
5 3D Nanocomposites Exhibiting Tunnel Magnetoresistance
functional properties of nanocomposites were characterized in terms of MVF. TiO2 was
chosen as matrix because so far it was only investigated in multilayer conﬁguration
but not in nanocomposites. Since the discovery of tunnel magnetoresistance (TMR)
in granular ﬁlms [91, 92] they have attracted great deal of interest. These composites
have applications in spintronics [3] and GHz rf circuits [93]. In relation to the metal
volume fraction, they exhibit three electrical regimes; dielectric, transition and metal-
lic with each regime having distinct properties. Composites typically containing 30%
to 40% MVF show superparamagnetism and room temperature (RT) tunnel magne-
toresistance which arises from tunnelling of spin-polarized electrons [44, 94]. Most of
the following results are excerpted from own publication Kulkarni et al [95].
Preparation
Composite ﬁlms of FeCo-TiO2 were sputter deposited at RT in an argon atmosphere
on a copper coated TEM grid and a specially designed Si/SiO2 substrate for TMR
measurement. As described in chapter 3.2 customized sputtering chamber was used
here.
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Figure 5.1: The substrate for tunnel mag-
netoresistance measurement
A compositional spread was achieved
within one deposition by co-sputtering
from two sources. The sources were
mounted at 30◦ with respect to nor-
mal and the sample holder was centrally
mounted and held stationary. By using
this eﬀect, in one sputtering process as
many as ﬁve samples with distinct MVF
were fabricated. The base pressure was
lower than 5 x 10−7 mbar, FeCo was
sputtered by a DC magnetron source and
TiO2 by a RF magnetron source. The
substrates for TMR were prepared by
photolithography with Au/Cr electrodes
of 30/5 nm thickness and an interspacing
of 25 µm (ﬁgure 5.1).
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5.1 Evolution of morphology with respect to metal volume fraction
Figure 5.2: SAED pattern (left) and bright-ﬁeld image (right) of freshly prepared
(MVF ≈ 25-30 %).
5.1 Evolution of
morphology with respect to metal volume fraction
TEM analyses were employed extensively to study chemistry and structure of the
composite material. The structural ordering of FeCo particles incorporated inside the
amorphous TiO2 matrix depends on the MVF. Figure 5.2 shows HRTEM image and
the corresponding selected area electron diﬀraction pattern (SAED) for FeCo-TiO2
nanocomposite with MVF < 35%. HRTEM micrographs (ﬁgure 5.2 right) display
no structural ordering even at nanoscale thus it can be said that the material does
not contain any crystalline component of signiﬁcant dimension. The FeCo particles
are amorphous, cf., the diﬀracted intensity on a broad concentric circle at d 0.20(1)
nm as seen in ﬁgure 5.2 left. In spite of the well known problems of quantiﬁcation
light elements by EDX, test measurements on distinct oxide materials point to a
suﬃcient reliability of the setup for a semi-quantitative interpretation, even in such
critical ﬁeld. In the case of freshly prepared composite ﬁlms, the quantiﬁcation of data
gives a ratio O : Ti between 1.8 to 2.5. Hence, the chemical nature of these freshly
prepared ﬁlms correspond to a composite material made of FeCo and TiO2. Finding
of amorphous FeCo nanoparticles is very interesting from the fundamental point of
view because FeCo is not expected to be a glass forming alloy even at high quenching
rates. Amorphous structure seems to be a result of the very small particle size and
the resulting interfacial stress which can better be accommodated by an amorphous
structure.
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Figure 5.3: (a) HRTEM micrograph of the nanocomposite (38% MVF) with the
Fourier transforms from the marked nanoparticles showing the lattice
fringes d(011) = 0.204(10) nm, d(002) = 0.141(10) nm and b) the par-
ticle size distribution from the corresponding sample, not from the ﬁgure
5.3 a.
Figure 5.3 shows the HRTEM micrograph recorded on a freshly prepared composite
ﬁlm with MVF ≈ 38% and the particle size distribution from the corresponding sample
respectively. The lattice fringes matched to the structure of FeCo as demonstrated by
the accompanying Fourier transforms which were calculated inside the marked areas
e.g. d(011) = 0.204(10) nm, d(002) = 0.141(10) nm (reference values [96]: 0.203 nm,
0.143 nm). Thus suggesting presence of nanoscale FeCo crystallites at higher MVF.
5.1.1 Annealing
Frequently, these nanocomposites are subjected to post preparation processes in or-
der to tailor the properties, e.g., ﬁeld annealing and the integration into the CMOS
process involves heat treatments [97]. Annealing of nanogranular ﬁlms change the
microstructure and magneto transport properties and this is particularly important,
e.g., in TMR sensors [98]. Therefore the temperature appears as one of the demanding
criterion for the nanocomposites functional properties and structures. In-situ heating
in the transmission electron microscope (TEM) is a powerful technique for understand-
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ing such temperature eﬀects by real-time observation at high spatial resolution. In
order to ascertain the speciﬁc changes introduced upon in-situ heating, it is important
that the ﬁlms do not change their microstructure during electron beam impact. For-
tunately, these ﬁlms did not show irradiation induced artefacts even after increasing
the dose highly by removing the condenser aperture. Considering that the ﬁlms were
amorphous in nature no crystallization was observed thus making it possible to do
in-situ TEM heating experiments.
Figure 5.4 shows the microstructure changes observed in the initially amorphous ﬁlm.
At a temperature of 450 ◦C separation of bright ﬁeld contrast by formation of nanosized
crystallites with strong diﬀraction contrast was observed. These species are embedded
inside the amorphous matrix and are frequently facetted, e.g., enlarged section in ﬁgure
5.4. 3a. EDX analyses performed on the strongly diﬀracting crystallites indicate a
considerable decrease of the Fe : Co ratio to typical values in the range of 0.05 -
0.1, while in the surrounding matrix only traces of Co can be detected. This ﬁnding
can be rationalized by assuming Co as the initially formed crystalline phase. The
SAED patterns, ﬁgure 5.4 b and c, were recorded on single and multiple crystallites,
respectively. All d-values agree well with the reference values [99] for cubic high
temperature modiﬁcation of Co. As exempliﬁed by the HRTEM analysis, the initially
formed Co crystals contain crystal defects. It is not clear whether such features are
interrelated with strain or local changes of the chemical composition, e.g., a partial
oxidation of Co. In addition ﬁgure 5.4 3d, depicts the STEM-EDX elemental maps
which conﬁrm the segregation of Co after the in-situ heating. The TMR in heated
samples (MVF 25 -30%) vanishes due to a huge increase in the mean particle distance
and phase separation of Fe and Co, as obvious from the TEM analysis.
5.2 Magnetic properties
Figure 5.5 shows in-plane magnetization curves measured at RT for as deposited FeCo-
TiO2 nanocomposite ﬁlms. Nanocomposite ﬁlms with MVF fraction < 50% exhibit
superparamagnetism. Superparamagnetic behavior requires well separated magnetic
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Figure 5.4: (a) Microstructure of the initially amorphous ﬁlm Fe50Co50-TiO2 after in-
situ heating. Inset: enlarged section of a Co nanocrystal; (b) SAED pat-
terns recorded on a single nanocrystal, [110], and (c) on multiple crystals
of fcc-cobalt. The d-values of d(111) = 0.205(5) nm and d(200) = 0.178(5)
nm (b) and d(111) = 0.205(5) nm; d(200) = 0.178(5) nm, d(220) = 0.126(5)
nm, d(311) =0.107(5) nm (c) convincingly agree with the reference values.
(d) STEM image (left) and EDX elemental maps recorded after in-situ
heating indicate the phase separation of Fe and Co.
particles and particles with average diamter less than the single domain particle size
(chapter 2.2). In contrast, the composite ﬁlms with 53% MVF are ferromagnetic with
coercive ﬁeld of 60 Oe. VSM measurements indicate that with an increase in the MVF,
the composite ﬁlms transit from superparamagnetic to ferromagnetic. The increase in
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Figure 5.5: In plane magnetization curves of Fe50Co50-TiO2 measured at RT for various
metal volume fractions as indicated. The inset shows the magniﬁed view
of hysteresis loop for 53% MVF.
saturation magnetization measured at Hmax with increasing MVF could be partially
due to incomplete saturation of the superparamagnetic ﬁlms at RT and due to the
formation of a thin oxide shell which has less inﬂuence on larger particles. This has
also been observed in other granular ﬁlms [22, 27]. As mentioned earlier, FeCo forms
coalesced crystallites in the TiO2 matrix at higher ﬁlling factors resulting in opening
up of the hysteresis loop. Here the magnetization process is governed by domain wall
motions whereas magnetization reversal can only occur via rotational processes in the
composites containing well separated single domain particles [25].
The critical particle size at which the transition from superparamagnetic to ferromag-
netic behavior occurs is an interesting information. Particle size can be qualitatively
derived by ﬁtting the experimental magnetization curve with classical Langevin func-
tion [100]. It describes the magnetization in superparamagnetic state by
M
M o
= L(α) = coth
(
µH
kBT
− kBT
µH
)
(5.1)
µ = M sV = M s
4pi
3
(
d
2
)3
(5.2)
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where, Mo is the saturation magnetization of the sample at a given temperature T,
Ms saturation magnetization of the bulk phase, H is the applied ﬁeld and the particle
diameter is given by d. It is a know fact that, the particle size d has a certain
distribution and the type of size distribution function is linked to the method of
preparation [28]. Log normal distribution function [29] ﬁts well for the PVD method.
It is deﬁned as
P (d) =
1√
2pi lnσ
exp
(
(ln d− ln dm)2
2 ln2 σ
)
(5.3)
where, dm and σ are statistical median and standard deviation, which describe the
probability distribution function P(d). Here the measured curves are ﬁtted to the
Langevin function by least square approach. Figure 5.6 shows the calculated magne-
tization as a function of the applied ﬁeld and the particle size distribution function
which gives best ﬁt.
The average particle size and the width of distribution increases, as the metal volume
fraction increases. This is also the characteristic of the deposition technique. Accord-
ing to domain theory and experiments [26] on ultra ﬁne particles, for Fe Co maximum
coercivity was reached for diameter of 21 nm and 20 nm respectively. The transi-
tion to the superparamagnetic regime occurs below these dimensions (d < 20 nm).
Estimations of critical size for spherical particles with no shape anisotropy made by
Kittel as mentioned in the reference [28] were also in the same range. In the present
case, average particle diameter for 48% MVF is 5.3 nm and the distribution function
has large tail towards the end. Further increase in the MVF is bound to increase the
particle diameter and width. This point marks the commencement of opening up of
hysteresis loop and hence, it can be said that the change in the magnetization behavior
occurs above diameter 6 nm. It should be noted that as the ﬁlling factor increases
the clusters come closer and there exists a possibility of coalescence. The particle size
distribution obtained from TEM for 38% volume fraction is 2 nm, which is inline with
the observation made here. Therefore, one can say that the average particle size for
MVF < 38% might be less than 2 nm and some of the metal present could be still in
atomic form.
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Figure 5.6: Calculated magnetization curves (solid line) from Langevin function and
the corresponding particle size distribution estimated by least square
method for diﬀerent MVFs.
5.3 Magneto-transport properties
The type of electrical transport mechanism in the composites is closely related to the
morphology of the composites. TMR should occur in a region where the electrical
conductivity shows tunnel type transport mechanism. This can be veriﬁed by measur-
ing the temperature dependence of electrical resistance. Such a measurement is shown
in ﬁgure 5.7. The temperature coeﬃcient of resistance is negative for 43% and 48%
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MVF, suggesting non metallic type conductivity. It shifts to positive values for 53%
above 150 K, indicating the onset of metallic behavior due to percolation. For 53%
MVF, the resistance reaches to a minimum value at 150 K before climbing up again.
For metal-insulator composites, Helamn and Abeles [92] observed that the tempera-
ture dependence of resistance should follow an exponential law involving temperature
T and activation energy C responsible for the process.
R(T ) = R0 exp
(√
C/kBT
)
(5.4)
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Figure 5.7: Relationship between temperature and electrical resistance for MVF (a)
53%, (b) 43% and (c) plotted in log R - T−1/2 scale, the solid lines in (c)
are approximate ﬁt to log R exp(C/T)−1/2.
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As shown in ﬁgure 5.7c, a logarithm of R plot is approximately linear to T−0.5 for
43% and 48% MVF. These measurements correlate well with the fact that the maxi-
mum of magnetoresistance corresponds to the sample showing non metallic transport
behavior.
The dependency of electrical resistance on the external magnetic ﬁeld for FeCo-TiO2
composites with diﬀerent MVF, measured at RT, is depicted in ﬁgure 5.8. The relative
change in the resistance is called as magnetoresistance (chapter 2.3).
All the ﬁlms show a decrease in the resistance upon the application of an external mag-
netic ﬁeld. A maximum change of 4% was measured for a composite with 48% MVF
within the range of applied ﬁeld. The TMR was found to be present for amorphous
as well as crystalline FeCo particles and higher for the later. As seen in ﬁgure 5.8, the
TMR amplitude increases with increase in the MVF up to 48% and then decreases.
The results for FeCo-TiO2 reported here possess same course of TMR as a function of
FeCo volume fraction, as reported for aforementioned other granular ﬁlms [98].
Figure 5.8: Dependence of electrical resistance on the applied magnetic ﬁeld at RT for
Fe50Co50-TiO2 composite with diﬀerent MVF as indicated.
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In the beginning FeCo Particles are few and far apart, i.e., the thickness of oxide tun-
nel is larger than the spin diﬀusion length giving rise to smaller TMR amplitude. The
TMR curves do not show hysteresis and are unsaturated. As the MVF advances the
metallic particles tend to grow in size, resulting in decrease of inter-particle separation
and as noted earlier crystalline FeCo particles were observed above 35% MVF. The still
increasing TMR indicates that the grains are separate and an optimum conﬁguration
for spin dependent tunneling occurs at 48% MVF. In this context, it is diﬃcult to de-
termine in which proportion the change in inter-particle separation and the formation
of crystalline particles contribute to the increase in TMR. Further increase in the MVF
leads to coalescence between neighbouring particles. Coalescences cause formation of
clusters of particles with multidomain structure due to magnetic inter particle inter-
action which is reﬂected in butterﬂy shaped TMR hysteresis (ﬁgure 5.11 inset). The
TMR results along with the magnetic behavior showing the characteristics of magnetic
single-domain particles and superparamagnetism demonstrate spin-dependent tunnel-
ing between well separated magnetic particles give further evidence of the presence of
distinct FeCo particles.
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Figure 5.9: TMR as a function of applied magnetic ﬁeld and square of normalized
magnetization -(M/Ms)2 from VSM measurements at RT for 43%, inset
TMR vs magnetization
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Figure 5.10: TMR as a function of applied magnetic ﬁeld and square of normalized
magnetization -(M/Ms)2 from VSM measurements at RT for 48%, inset
TMR vs magnetization
Inoue et al. [44] explained the change in electrical resistance for granular ﬁlms by
spin dependent tunneling of electrons between metal nanograins embedded in an in-
sulating matrix (chapter 2.3). The magnetic moments of the granules in as-deposited
composite ﬁlms are randomly oriented at RT [57]. In the external magnetic ﬁeld, the
relative orientation of magnetization between adjacent grains rotates into a parallel
conﬁguration causing increase in tunneling probability. For uniform size superparam-
agnetic particles with uncorrelated moments, the TMR ratio will be proportional to
the square of the relative magnetization of the system, <cosθ> = m2 (m = M/Ms)
where, Ms is the saturation magnetization [44]. Figure 5.9, 5.10 and 5.11 shows the
relationship between MR and the corresponding magnetization curve. The experimen-
tal data for MVF 43% and 48% follow quite well the relation ∆R/R0 ∝ - (M/Ms)2
implying spin dependent tunneling in FeCo-TiO2 composite ﬁlms. For ﬁtting this re-
lation with TMR curves, magnetization M at H = 7.5 KOe is taken as the saturation
magnetization. The inset of ﬁgure 5.9 and 5.10 shows the quadratic behaviour of
magnetoresistance vs the global magnetisation. However, as expected, the ﬁlm with
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composition near to 53% MVF does not obey this quadratic law (ﬁgure 5.11), which
means there exists a possbility of interparticle interaction. At this ﬁlling factor the
FeCo exhibits particle coalescence resulting in multi domain formation. The TMR
amplitude rapidly drops and originates from the uncoupled small superparamagnetic
particles still present where as the magnetisation is dominated by coalesced clusters.
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Figure 5.11: TMR as a function of applied magnetic ﬁeld and square of normalized
magnetization-(M/Ms)2 from VSM measurements at RT for 53%, inset
TMR vs magnetization
5.3.1 Aging
As discussed in the previous chapter the importance of aging in commercial applica-
tion, the aging behavior of 3D nanocomposite thin ﬁlms were also studied. Structural
changes in the ﬁlm stored in air for two months (labeled "Aged ﬁlms") were studied
through TEM and EDX. EDX analyses on ﬁlms (MVF ≈ 25 - 30%) indicate an in-
crease of the oxygen content, thus implying the presence of highly oxidized and thus
fully ceramic material. In case of the aged ﬁlms with low MVF, all components are
again fully amorphous as supported by bright-ﬁeld images exhibiting no diﬀraction
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contrast and HRTEM (ﬁgure 5.12). Just very broad diﬀuse intensity concentrating on
a concentric circle is seen in the SAED pattern (ﬁgure 5.2 left). The diameter of the
circle was determined to be d ≈ 0.27(1) nm. The aged ﬁlms appear chemically and
optically homogeneous, and like for the freshly prepared ﬁlms, the equiatomic ratio of
Fe and Co is well adjusted even at nanoscale. EDX nanoprobe-analyses (average of
ﬁve point measurements, distinct areas) display the homogeneity of the material by
low variance of the metal content, Ti : Fe : Co = 43.1(7) at% : 28.3(5) at% : 28.7(1.4)
at%. Thus, aging of the ﬁlms does not produce a detectable segregation of distinct
phases. Based on the ceramic nature of the ﬁlms, the atomic ratio of O : Ti was signif-
icantly larger than the expected value of 2.0 for a freshly prepared composite, namely
in the range of 3.3 - 3.8. Hence, Fe and Co must be incorporated in an oxidized form
inside the materials to meet the criterion of charge balance. Assuming Fe and Co in
trivalent and bivalent states, the charge balance is approximately met by the average
composition close to Co0.56Fe0.56Ti0.8O3. Such ﬁnding conﬁrmed the formation of a
homogeneous ceramic ﬁlm from an amorphous composite by aging. The degradation
of the material has no signiﬁcant inﬂuence on the functional properties. Thus, it can
be concluded that the aging is restricted to a thin surface layer which protects the
internal areas of thicker ﬁlms against further oxidation.
Figure 5.12: SAED pattern (left) and bright-ﬁeld image (right) of aged nanocomposite
ﬁlm (MVF ≈ 25-30%)
The TMR of granular structures is substantially lower than TMR values reported for
the best TMR devices fabricated by advanced lithography techniques involving epi-
taxial oxide layers [101]. Nevertheless due to simple fabrication process the granular
TMR approach is tempting for low-cost magnetic ﬁeld sensors, where highest sensi-
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tivity is not required. The knowledge of the morphology and possibility to tune the
nanocomposites was utilized in adaptation of the composite as core material for high
frequency devices which is the topic of the next chapter.
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High Frequency Application
Another signiﬁcant ﬁeld of application for nanocomposites which has been under se-
rious investigation is as core materials for integrated passive components [4, 5, 102].
Ongoing demands for miniaturization in mobile electronic devices as well as steadily
increasing operating frequencies of electronic circuits into GHz range are the driving
forces [74]. Use of high permeable magnetic cores in the integrated micro-inductors
would lead to miniaturization of the geometry, reduction of stray ﬁelds compared
to air-core coil inductors and increased inductance provided that losses are avoided.
As pointed out in chapter 2.4.2, many material properties simultaneously govern the
high frequency properties and major factors that limit the performance are eddy cur-
rents which arise due to conductivity and frequency limitation due to ferromagnetic
resonance. Therefore core material must simultaneously have high electrical resistiv-
ity, high saturation magnetization and high permeability in the interested frequency
regime to create the desired eﬀects in the devices (chapter 2.4). Several approaches
have been developed over the years for the preparation of high frequency materials
which complies to above said material properties. One of the approach is use of amor-
phous alloys such as FeCoBSi [103], CoTaZr [104] and CoNbZr [105]. The resonance
frequencies for most of these materials range between 1.5 to 5.0 GHz, permeabilities
range between 100 - 500 and have typical electrical resistivity of 100 µΩcm. These
thin ﬁlms are typically used with an induced in-plane uniaxial anisotropy. Good high
frequency properties in these ﬁlms are resultant of highest possible saturation magne-
tization and appropriate anisotropy ﬁeld (1-5 mT). However, a general disadvantage
of these amorphous layers is that the eddy current losses appear for ﬁlm thickness of
several hundred nanometers and thereby reducing the cut-oﬀ frequency and quality
factor of the layer. To circumvent this problem these ﬁlms have been deposited with
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insulating layers in a multilayer arrangement [106, 107, 108] reduction of eddy current
losses by using segmented / patterned core by lithography [102, 109].
Another approach to produce high frequency materials is nanocomposites where fer-
romagnetic particles are incorporated in an electrically insulating matrix. Several
kinds of nanocomposites, also known as metal insulator nanogranular ﬁlms, have been
studied in wide range of metal volume fractions. Fe, Co and FeCo with Al2O3[110],
SiO2 [111], ZrO [112], HfO [113, 114], MgF2 as insulating matrix have been produced
either by reactive sputtering, co-sputtering from two sources, and in some cases by
synchronous triple-rf magnetron sputtering. The excellent soft magnetic property is
thought to be due to ferromagnetic exchange coupling between magnetic particles.
Metal volume fraction is the key parameter to tune the properties of ﬁlms, e.g., resis-
tivity can be varied from 100 µΩcm to 4000 µΩcm for 88% to 50% MVF respectively
[111]. Thus eddy currents can be eﬀectively suppressed due to high electrical resistiv-
ity in these materials. Good high frequency properties have been obtained in MVF
ranging between 56% to 75.5%. Ohnunma [112, 93] fabricated FeCo-Zr-O nanogran-
ular soft magnetic thin ﬁlms with very high magnetic ﬂux density (µ0M s = 2.3 T )
and permeability of 400, but the imaginary part starts increasing well below 10 MHz
resulting in very poor quality factors. Most of the above mentioned composites have
been prepared in an external magnetic ﬁeld during fabrication to obtain an in plane
uniaxial anisotropy. However, except in some cases the material quality factor is not in
the desired range (Q ≥ 10 at 1 GHz). Secondly, in toroidal shape coils the magnetiza-
tion must be aligned perpendicular to the HF ﬁeld as in-plane uniaxial ansiotropy will
lead to interruption of the ﬁeld distribution. The problem of anisotropy allignment
can be overcome by using isotropic cores, radial anisotropy, crossed anisotropy core
[115] or by perpendicular anisotropy as proposed by Ramprasad et al. [4].
Thus, in this work the focus was to ﬁnd optimum conditions for isotropic FeCo-
SiO2 nanocomposite ﬁlms to achieve good material quality factors in the GHz fre-
quency range, high electrical resistivity and reasonable permeability even for ﬁlm
thickness in micrometer range. Fe50Co50 which has highest saturation magnetization
(µ0M s = 2.4 T ) among the ferromagnetic materials [24] may lead to very high self-
resonant frequency thus makes the alloy a promising candidate for high frequency
applications. In this thesis, apart from ceramic based composites, polymer based
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nanostructured materials which was the topic of doctoral thesis of H. Greve [12]
were further investigated. In the later part of this chapter, successful integration
into toroidal micro-inductor which is a joint DFG project at the Faculty of Engineer-
ing, Kiel, will be presented. The HF characterization of composites was carried out
at Microwave group held by R. Knöchel at Institute of Electrical and Information
Engineering. Toroidal micro-inductors were fabricated by the group of E. Quandt at
Institute of Materials Science-Inorganic Functional Materials into which ceramic and
polymer based nanocomposites were integrated.
6.1 FeCo-SiO2 system
The FeCo-SiO2 nanocomposites were prepared by co-sputtering from FeCo alloy and
SiO2 targets by magnetron sputtering. Metal volume fraction was varied by keeping
the power on FeCo target constant and varying that of SiO2. Nanocomposites were
deposited on Si/SiO2 substrates (5 x 5 mm and 2 x 10 mm) for magnetic and high fre-
quency characterizations respectively and on TEM grids for microstructure analysis.
In plane uniaxial anisotropy was induced by an external magnetic ﬁeld during depo-
sition. High frequency permeability was measured by high frequency permeameter
(chapter 3.4.3).
Figure 6.1: Bright ﬁeld Transmission electron microscopy image for 30 nm FeCo-SiO2
nanocomposite ﬁlm with 50% MVF.
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Figure 6.1 shows a TEM bright ﬁeld image for FeCo-SiO2 nanocomposite ﬁlm consists
of FeCo nanoparticles embedded in an insulating SiO2 matrix. FeCo nanoparticles
are crystalline in nature with average size of 4 - 5 nm and SiO2 is amorphous. The
morphology is in line with the discussion presented in chapter 5.1 in detail.
Figure 6.2 shows the eﬀect of metal volume fraction on resistivity and saturation
magnetization of the nanocomposite ﬁlms. Electrical resistivity changes several orders
of magnitude, from 106µΩcm to 102µΩcm for 35% to 70% MVF respectively. At ≈
48% metal volume fraction it decreases rapidly. This change in electrical resistivity
as function of metal volume fraction can be explained by percolation theory (chapter
2.1.1). At low MVF nanoparticles are nanoparticles are isolated from each other and
as it increases the resistivity decreases as connecting network of nanoparticles start
to form and hence more paths are available for conduction through the ﬁlm. From
purely theoretical considerations for spherical particles the calculated percolation value
is 29%. However experimentally determined percolation threshold value for many
granular ﬁlms is in the range of 50% to 60% [1, 116, 117] as in real systems one has
to consider particle size distribution, deposition process etc. Still the resistivity for
65% MVF ﬁlm is 2000 µΩcm which is three orders of magnitude higher than the bulk
material. As it is seen later, this magnitude does not cause eddy currents which are
crucial for the high frequency applications.
Prior to the deposition of nanocomposite, FeCo ﬁlm was sputter deposited in order
to make sure that the saturation magnetization is reached to the speciﬁed value of
the target material. Typical µ0M s values of 2.1 T - 2.2 T were obtained for 100 nm
thick FeCo ﬁlms. As seen from ﬁgure 6.2 addition of SiO2 decreased the saturation
magnetization. Unlike in the ﬁlms co-deposited from ferromagnetic and organic com-
pound, where the ﬁlms completely loose their ferromagnetic property due to chemical
reactions, in case of ceramic matrix the reactions are not that sever. However, forma-
tion of thin oxide shell around FeCo particles cannot be overruled as the saturation
magnetization decreased on addition of SiO2.
The magnetization loops of the nanocomposite ﬁlms with diﬀerent metal volume frac-
tion are shown in ﬁgure 6.2. As discussed in chapter 5.2, magnetization curves correlate
strongly with the metal volume fraction. For FeCo-TiO2 system superparamagnetic
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Figure 6.2: (a) Magnetization loops for FeCo-SiO2 with diﬀerent metal volume fraction
(b) Resistivity and saturation magnetization as a function of metal volume
fraction for FeCo-SiO2 and FeCo-TiO2 ﬁlms (blue symbol); in ﬁgure (b)
lines are just guidelines to the eye.
behavior was observed below 50% MVF. Same phenomena was seen in FeCo-SiO2
system as well. As seen in ﬁgure 6.2 the magnetization curves show distinct behavior
with respect to MVF, changing from the superparamagnetic to ferromagnetic state.
As the metal volume fraction increases FeCo clusters grow in size and separation
between them decreases. When the metal volume fraction is above the percolation
threshold coalescence between neighboring particles occurs. Coalescences cause for-
mation of clusters with multidomain structure. Asakura et al. [23] in their work on
Cox-(SiO2)100−x granular ﬁlms observed that the domain formation and its structure
strongly correlates to the electrical percolation (chapter 2.1.1). For concentration be-
low percolation composition (xp) 45%, domain structure disappears and stripe domain
were observed in the Co-rich region.
The high frequency permeability spectra for ﬁlms prepared without magnetic ﬁeld
during deposition are shown in ﬁgure 6.3. The permeability increases as the ﬁlling
factor increases and the ferromagnetic resonance frequency is between 2-3 GHz. Ram-
prasad et al. [4] in their work on magnetic nanoparticles dispersed in polymer matrix
showed that the eﬀective permeability of the composite increases with particle volume
fraction, which is the case here. Further, for the materials parameters (µ0M s = 2.4T ,
µ0Hk = 49mT and conductivity σ = 1.10
7S/m) they showed that the composites with
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Figure 6.3: High frequency permeability of 200 nm thick FeCo-SiO2 with diﬀerent
metal volume fraction (a) 53%, (b) 65% and (c) 70%
nearly spherical particles and ﬁlling factor between 0.45 to 0.55 are expected to have a
permeability of µeff = 3− 18 and resonant frequency fFMR = 18− 10GHz. It should
be kept in mind while designing the nanocomposites that in co-sputtering process, as
the metal volume fraction is increased the particles may touch and the eﬀective size
will eventually be higher than 100 nm which will lead losses due to eddy currents.
Apart from the normal eddy current losses, other structural eﬀects like domain struc-
ture, demagnetization ﬁelds, magnetization dispersion have signiﬁcant inﬂuence on HF
characteristics of the material [118]. These eﬀects could be investigated by applying
external DC ﬁeld perpendicular to the HF ﬁeld [119]. Biasing is also useful to ﬁx the
direction of anisotropy, shift the cut-oﬀ frequency to higher values and change the
permeability [118]. Figure 6.4 shows the eﬀect of external static magnetic ﬁeld on
the permeability and FMR frequency of FeCo-SiO2 nanocomposite ﬁlm. Directions
of ﬁelds involved are shown schematically in ﬁgure 6.4 inset. According to theory,
fFMR ∝
√
M s(Hk +Hdc) and µ =
Ms
(Hk+Hdc)
+ 1, by applying additional DC ﬁeld
perpendicular to the HF ﬁeld FMR frequency can be shifted to higher values and
as a result the permeability should go down. However, for the nanocomposite ﬁlms
deposited without magnetic ﬁeld, the permeability ﬁrst increases from 50 to 400 and
then gradually decrease. The FMR shifts from 2 GHz to 6 GHz as predicted by ferro-
magnetic resonance theory. From the behavior of permeability with respect to external
ﬁeld it may be inferred that, initially not all the magnetic moments are aligned per-
pendicular to the HF ﬁeld and the additional HDC during measurement aligns them.
This in principle indicates that the ﬁlms deposited without external magnetic ﬁeld
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Figure 6.4: Permeability and ferromagnetic resonance frequency as a function of ex-
ternal HDC ﬁeld applied in the direction perpendicular to HF ﬁeld. Sample
under investigation is FeCo-SiO2 with 70% MVF.
are magnetically inhomogeneous and permeability can be further increased to large
extent by optimization of the nanocomposite morphology to achieve soft magnetic
properties.
Deposition with an external magnetic ﬁeld
Magnetic hysteresis loop of FeCo-SiO2 containing 65% metal volume prepared under
magnetic ﬁeld (250 mT) is shown in ﬁgure 6.5. Coercive ﬁeld along easy and hard
directions are 5.7 mT and 4.8 mT respectively. For the ﬁlms with same ﬁlling fac-
tor prepared under magnetic ﬁeld, the permeability spectrum is dramatically better
(ﬁgure 6.6). The HF permeability is ﬁve folds high compared to the ﬁlms without
induced anisotropy. Ferromagnetic resonance frequency is around 3.1 GHz and ma-
terial quality factor Q, given by µ′/µ′′, is quite high below 2 GHz. The imaginary
part of the permeability shows a narrow peak width which is advantageous as the
magnetic loss around FMR frequency depends on the line width [120]. Compared to
the ﬁlms prepared without external magnetic ﬁeld (ﬁgure 6.2) these ﬁlms are easy to
saturate which probably explains the increased permeability. FeCo-SiO2 nanocompos-
ites show reasonably good HF properties in spite of slight reduction in the saturation
magnetization.
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Figure 6.5: Magnetization loop of 200 nm thick FeCo-SiO2 with 65 % MVF deposited
under an applied magnetic ﬁeld during sputtering
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Figure 6.6: High frequency permeability of 200 nm thick FeCo-SiO2 with 65 % MVF
along hard axis and the corresponding quality factor. The ﬁlms were pre-
pared under an external ﬁeld
Microstructure and HF characteristics upon annealing
It is important to understand how the functional properties change when subjected
to post preparation annealing. Two sets of nanocomposite ﬁlms were selected for the
annealing experiments: one in which MVF is in the vicinity of percolation threshold
(53%) and other above percolation (70%). The ﬁlms were annealed in vacuum, 1x10−6
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Figure 6.7: Magnetization of loops of as deposited and ﬁeld annealed composite ﬁlm
for 53 % MVF (left) and 70 % MVF (right)
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Figure 6.8: HF permeability of 200 nm thick FeCo-SiO2 composite ﬁlm with 53% MVF
ﬁeld annealed under diﬀerent conditions.
mbar for 1 hour with and without external magnetic ﬁeld. Both sets of ﬁlms show
distinct behavior in comparison to each other upon annealing. The magnetization
loops for as prepared and annealed ﬁlms under diﬀerent conditions for 53 % MVF are
shown in ﬁgure 6.7. The loops become softer when compared to as prepared ﬁlms
with no change in coercivity and also no in-plane anisotropy was observed from the
magnetization loops. The corresponding HF characteristics are shown in ﬁgure 6.9.
The permeability tends to increase by ≈ 50%.
The scenario is quite diﬀerent for ﬁlms with considerably higher MVF (ﬁgure 6.9). In
general, post-deposition annealing is associated with microstructural changes such as
grain growth and relaxation of residual stresses. After annealing at moderate tempera-
tures, already percolating network has higher probability to form electrically conduct-
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Figure 6.9: HF permeability of 200 nm thick FeCo-SiO2 composite ﬁlm with 70% MVF
annealed under diﬀerent conditions
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Figure 6.10: Permeability and ferromagnetic resonance frequency as a function of ex-
ternal HDC ﬁeld applied in the direction perpendicular to HF ﬁeld. Sam-
ple under investigation is 200 nm thick FeCo-SiO2 composite ﬁlm with
70% MVF annealed at 300◦ C for 60 min; lines are just guidelines to th
eye
ing networks. The HF permeability of annealed ﬁlms show close to three times increase
in permeability but the imaginary part starts increasing well below GHz, which re-
sults in poor quality factors. These ﬁlms were also characterized by applying external
static ﬁeld(ﬁgure 6.10). Unlike as seen in the previous section the permeability in-
stead of increasing, decreases as the magnitude of the external static ﬁeld is increased,
demonstrating characteristics of closed ﬁlm [118]. Therefore one could say that poor
quality factors are results of eddy currents. Also, the real part of permeability does
not show well resolved resonance peak. Increase in the permeability is accounted by
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considering the fact that upon annealing ﬁlms show soft magnetic characteristics with
considerable increase in Mr/Ms ratio compared to the non-annealed ﬁlm. Therefore,
for integration of the core material into toroidal micro-inductor a ﬁlling factor which
is between 60 and 70 is chosen to avoid the eﬀects of eddy currents.
Nanocomposite ﬁlm with 1 micron thickness
Often thick core materials in the range of few micrometers are necessary to suﬃ-
ciently inﬂuence the ﬂux ampliﬁcation in the magnetic devices they are integrated
into. Therefore 1 µm thick FeCo-SiO2 ﬁlm was prepared and characterized with re-
spect to resistivity and HF permeability. Even though the composite ﬁlms deposited
under magnetic ﬁeld showed superior HF properties 6.6 compared to the ﬁlms prepared
without an external magnetic ﬁeld during deposition, the later was used for integration
into toroids. The reason being, as mentioned before in-plane uniaxial anisotropy will
lead to interruption of the ﬁeld distribution in the toroid. Increase in ﬁlm thickness
from 200 nm to 1 µm resulted in decrease in electrical resistivity from 2000µΩcm to
900µΩcm which is still considerably higher than the amorphous alloys. Deposition of
additional SiO2 layers for every 100 nm FeCo-SiO2 composite layer resulted in increase
in the electrical resistivity to 1800µΩcm. HF permeability and the quality factor for 1
µm thick ﬁlm are shown in ﬁgure 6.11. The material quality factor Q is greater than
25 at 1 GHz and shows reasonable permeability of 20. The thickness of the ﬁlm used
must be lower than the skin depth in order to avoid induced eddy current losses. Skin
depth δ is a function of resistivity and frequency, the calculated values for diﬀerent
scenarios are presented in ﬁgure 6.12.
6.2 FeNiCo/PTFE multilayer
Nanostructured FeNiCo/PTFE multilayer thin ﬁlms have been investigated previously
in detail with regard to their microstructure and magnetic properties in the work of H.
Greve [121]. The multilayer ﬁlms show excellent high frequency characteristics with
permeabilities above 100 and FMR frequency up to 5 GHz. Highest permeability of
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Figure 6.11: HF permeability and quality factor of 1 µm thick FeCo-SiO2 nanocom-
posite ﬁlm with 65% MVF prepared without the external magnetic ﬁeld
during deposition.
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Figure 6.12: Skin depth estimated for diﬀerent values of resistivity and permeabil-
ity. Resistivity for 1 micrometer thick FeCo-SiO2 nanocomposite ﬁlm is
1800µΩcm.
175 at 100 MHz was achieved for (20 nm FeNiCo / 10 nm PTFE) multilayer ﬁlm.
In continuation with this work, eﬀects of post preparation thermal treatment on HF
properties were investigated. The ﬁlms did not show any degradation up to 300 ◦C.
Since substantially thick core is required for the micro-inductor, 1.5 micron thick
FeNiCo/PTFE multilayer were prepared for integration into toroidal micro-inductor.
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Figure 6.13 shows the magnetization curve and the HF permeability spectra of ﬁlms
consisting 38 alternating layers of FeNiCo (25 nm) and PTFE (10 nm). The ﬁlms
have permeability up to 175 and FMR occurs at 3.0 GHz.
When compared to FeCo-SiO2 prepared without magnetic ﬁeld during deposition,
isotropic FeNiCo/PTFE show higher permeability. However, ﬁlms prepared under
magnetic ﬁeld show opposite behavior, the nanocomposites system have almost twice
the permeability as that of FeNiCo/PTFE (also prepared under magnetic ﬁeld [122]).
A comparison between two systems is given in ﬁgure 6.14.
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Figure 6.13: (a) Magnetization curve (b) and (c) the HF permeability (d) the corre-
sponding material quality factor of 1.5 micron thick multilayer ﬁlm con-
sisting of 38 (25 nm FeNiCo/10nm PTFE) layers. Also indicated is the
sample position on a 4 inch wafer.
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Type Parameters µ' @ 500MHz fFMR / GHz
FeCo-SiO2
200 nm
without induced
anisotropy
20 3
FeCo-SiO2
1000 nm
without induced
anisotropy
20 3
38(25 nm FeNiCo + 10 nm PTFE)
1500 nm
without induced
anisotropy
175 3
4(30 nm FeNiCo + 10 nm PTFE)
160 nm
with induced
anisotropy
60 4.8
FeCo-SiO2
200 nm
with induced
anisotropy
140 3.2
Figure 6.14: Comparison of HF characteristics of FeCo-SiO2 (65 % MVF) and
FeNiCo/PTFE systems
6.3 Integration of core into toroidal thin ﬁlm
inductor
Figure 6.15: Schematic representation of the toroidal micro-inductor (b) Light micro-
scope image with composite magnetic core 1mm dia, 30 windings (c)
cross-sectional SEM image of the completed micro-inductor
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6.3 Integration of core into toroidal thin ﬁlm inductor
Toroidal shape inductor has optimum properties for application in HF devices espe-
cially as it has closed magnetic ring core hence stray ﬁelds can be minimized to greater
extent [123]. Schematic representation of such micro-inductor is shown in ﬁgure 6.15.
The wafer consists of number of inductors with diameter 0.3 mm and 1 mm with
15 and 30 winding respectively. The fabrication consists of several steps involving
combination of electroplating and photolithography [124]. As substrates, Si wafers
were used. For electrical insulation and to ensure a homogeneous surrounding, 34 µm
of Cyclotene 4026-46, a photosensitive polymer based on B-staged benzocyclobutene
(BCB) were applied. Since the bottom coil wiring and the vias were deposited by
electroplating, 100 nm of Au as seed layer and 20 nm of Cr as adhesion promoter were
deposited by magnetron sputtering. Structuring the negative photoresists ma-N 440
and ma-N 490 (Micro resist technology GmbH) for use as a mask for electroplating
was done by UV lithography. Gold was deposited by electroplating for the bottom
coil windings and the vias with a thickness of 9 µm and 3.5 µm respectively. After
removal of the seeding layer by IBE, BCB was spin coated to get a layer of a thickness
of 20 µm. It was then dry etched using an ICP-RIE system to leave an insulation
of less than 1 µm on top of the bottom coil wiring. Then, the magnetic core of
1 µm thick was deposited. After structuring using IBE and the positive photoresist
AZ 6632 (Micro Chemicals) as a mask, BCB was deposited and etched until the top
of the vias was free. Then, the top coil wiring were deposited by electroplating in
the same manner as the bottom coil wiring before, now for a thickness of 20 µm.
Both PTFE/FeNiCo composites and FeCo-SiO2 nanocomposite were integrated into
the toroidal micro-inductor. The HF properties of integrated toroidal micro-inductor
were characterized by network analyzer [73].
Figure 6.16 shows the frequency dependence of inductance of 1 mm dia toroid with
integrated magnetic core. The enhancement in inductance on addition of magnetic
core in both the systems is in the range of 20-30%. The roll-oﬀ in inductance occurs
at 3 GHz in both the systems. What is interesting to see is that even though the
permeability of metal/polymer system is much larger than the FeCo-SiO2 system, it
is not reﬂected in the ﬂux ampliﬁcation. Even though the inductors operate above
1GHz, the enhancement in the inductance and quality factor is of concern. It is still
not suﬃcient enough to compete with the existing air core inductors. One reason could
be the low ﬁlling factor, i.e., the volume of the magnetic core of the present inductor
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Figure 6.16: Inductance and quality factor of toroidal micro-inductor with magnetic
core (a),(b) 38(25 nm FeNiCo/10 nm PTFE multialyer) and (c),(d) 1
micron thick FeCo-SiO2.
(≈ 10%). In order to ascertain this, simulations were performed for thicker core
material using electromagnetic ﬁeld simulation tool HFSS at the Institute of Electrical
Engineering, Technical Faculty CAU Kiel. The high frequency characteristics of FeCo-
SiO2 (ﬁgure 6.11) was taken as the reference material. Simulation results show that the
inductance increases linearly as the thickness of core material increases (ﬁgure 6.18).
With the thicker core it is possible to achieve ﬁvefold increase in the inductance and
the corresponding quality factor can be also be increased by adjusting the dimensions
of the vias (i.e., lowering the dc resistance). At present, the preparation of thicker
core material is limited by the possible size of the sputtering target material used in
deposition chambers. Nevertheless, the high frequency behavior of thicker core must
be studied with respect to eddy currents and the peak broadening eﬀects if any.
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6.3 Integration of core into toroidal thin ﬁlm inductor
Figure 6.17: Inductance density versus peak quality factor of integrated inductors from
[125]. Also indicated is the inductor fabricated during this work and
projected based on simulations.
In ﬁgure 6.17 shown is a picture describing a survey of on-chip inductors from work of
Gardner et al. [125]. According to the survey, there exist only three instances show-
ing stripline and planar spiral micro-inductors operating at frequency above GHz (red
marking). Results of the inductor from this work have also been put on the graph
for comparison and it is unique in terms of being the only toroidal micro-inductor
operating in GHz regime. The survey highlights the technological challenges in devel-
oping a core material and its integration considering the optimization of complex web
of material properties. Part of the above discussion are excerpted from a publication
Schürman et al [124].
97
6 3D Nanocomposites as Core Material for High Frequency Application
0 . 5 1 2 3 4 5 1 0
0
1 0
2 0
3 0
 
 
 
	
 
	
 
	
 
	
	
 
	
Ind
ucta
nce
 / n
H
F r e q u e n c y  /  G H z
Figure 6.18: Simulation results for 1 mm dia with 30 windings toroid for diﬀerent
magnetic core heights keeping other parameters constant.
6.4 Alternative approaches
Nanocomposites/nanoparticle arrays can be synthesized by number of other ways than
physical vapor deposition technique presented here. Nanoparticle arrays are of great
interest because of their potential applications in plasmonics [126], as a catalyst for
growth of other materials and sensors [127]. For well ordered nanoparticles top down
lithography techniques are most suitable as they oﬀer excellent control over size and
inter particle distance. As the dimension goes down the process becomes increasingly
diﬃcult and expensive. Nanoparticle arrays can also be formed by dewetting of a
thin ﬁlm deposited on a substrate [128, 129, 130]. With the templated substrate
[131] it is even possible to control the feature size and shape. In case of magnetic
nanoparticles directional growth can be achieved by an external magnetic ﬁeld during
heating process.
In following section formation of Co nanoparticles through annealing of Co-SiO2 mul-
tilayer will be presented. Ramprasad et al. [4] showed that particles approximately
between sphere and rod with aspect ratio 2 have optimum low frequency permeability
and high FMR frequency. So the idea here is to anneal the multilayer ﬁlms in magnetic
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ﬁeld to align the easy axis in the direction needed and to induce shape anisotropy by
dewetting. In this direction, initial experiments were performed without the magnetic
ﬁeld.
Figure 6.19: SEM image of trilayer ﬁlms on Si/ SiO2 substrate: a)13nm SiO2 + 7.5nm
Co + 13nm SiO2 and b)13nm SiO2 + 15nm Co + 13nm SiO2
To start with, annealing of cobalt thin ﬁlm (7.5 nm and 15 nm) sandwiched between
two SiO2 layer was carried out. Films were prepared by sequential deposition of Co
and SiO2 in magnetron sputtering system by separate targets. Annealing was done in
ultra high vacuum (1x10−7mbar) for an hour at 800◦ C. Figure 6.19 shows SEM images
of Co nanoparticles formed through annealing of SiO2/Co/SiO2 trilayers. Dewetting
is a self-agglomeration phenomenon due to annealing at high temperature [132]. The
average size and the interparticle distance depend on the initial Co ﬁlm thickness.
Figure 6.20 shows the bright ﬁeld TEM images taken during in-situ annealing. Co
ﬁlms begin to change after 600 ◦C. At temperature of 800 ◦C of the heating stage one
can see the dewetting and agglomeration. Since the heating stage was cooled down
immediately after reaching the desired temperature (850 ◦C), enough time was not
available for completion of dewetting.
Likewise, alternating layers of Co (10 nm) and SiO2 (10 nm) deposited onto a Si/SiO2
substrate were annealed at 800◦ C in vacuum for 60 minutes. Figure 6.21 shows in-
plane magnetization loops of as deposited and annealed Co-SiO2 multilayer ﬁlms. The
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Figure 6.20: TEM bright ﬁeld images taken at diﬀerent temperatures during in-situ
heating of trilayer 13nm SiO2 + 7.5nm Co + 13nm SiO2. Please note
the scale diﬀerence w.r.t to the SEM image of ﬁgure 6.19, the black spots
seen in TEM images do not represent the nanoparticles.
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Figure 6.21: Comparison of magnetization loops of as deposited and annealed Co-SiO2
multilayer. Annealing was done in vacuum 1x10−7 mbar for 60 min at
800 ◦C
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as deposited ﬁlm shows soft magnetic property with 2 mT coercive ﬁeld and saturation
ﬁeld of 30 mT. The saturation magnetization is 1.7 T which is very close to bulk values
of Co (1.8 T [24]). The annealed ﬁlms show sixfold increase in coercivity (12 mT)
perhaps due to single domain particles. If it is to be believed that the morphology in
multilayer system is similar to that of trilayer (ﬁgure 6.19), then the magnetization
loop corresponds well with the microstructure. Annealing at this temperature will
destroy the initial multilayer structure due aggregation of Co layer [133].
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Figure 6.22: High frequency permeability spectra of as deposited and annealed Co-
SiO2 multilayer. The ﬁlms were annealed in vacuum 1x10
−7 mbar for 60
min at 800 ◦C
The high frequency characteristics of these ﬁlms are shown in ﬁgure 6.22. As de-
posited ﬁlms have permeability of 100 with good material quality factor comparable
to PTFE/FeNiCo multilayer ﬁlms discussed before. The narrow line width and FMR
frequency well over 1 GHz also makes them good candidate for high frequency applica-
tions. Annealed samples show tenfold increase in permeability but the imaginary part
of the complex permeability increase well below GHz frequency. A plausible explana-
tion would be that the particles are in multi domain state as for a random distribution
of magnetization, single domain particles would be expected to show remanence of 0.5
but we see a value which is clearly smaller (ﬁgure 6.21). Domain walls in nanoparticles
can also respond to high frequencies (due to short distances) which would then lead
to high losses as observed here. Further experiments are necessary in the direction of
increasing the annealing time to complete the dewetting into separated particles, to
understand the HF response.
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7 Summary and Outlook
This dissertation addresses preparation and characterization of polymer and ceramic
based nanocomposites and explores their potential application in the ﬁeld of tunnel
magnetoresistance, as strain sensor and as materials for high frequency application.
They can be prepared in diﬀerent conﬁgurations ranging from nanoparticles on a
surface to more complex 3D composites where nanoparticles are dispersed in a matrix.
The host and ﬁller materials can be chosen according to the need of the application
thus oﬀering additional degree of freedom.
Quasi two dimensional metal / polymer nanocomposite
The functional nanocomposite was prepared in two steps: drop casting of polymer
and thermal evaporation of Au onto its surface. Since noble metals have higher co-
hesive energy compared to polymers and due to their weak polymer interaction, the
evaporation results in the formation of metal nanoparticles. In the vicinity of percola-
tion threshold, electronic transport in these nanocomposites occurs via inter-particle
tunneling and the tunnel current is exponentially dependent on the inter particle sep-
aration. This exponential dependence can be utilized as a detection mechanism for
a process which changes the inter-particle separation. In this dissertation precisely
this mechanism has been used to monitor the strain produced by magnetostrictive
material. Inter-particle separation was controlled by amount of Au evaporated which
was monitored my means of in-situ resistance measurement. A maximum change of
6% was observed in the electrical resistance of the nanocomposite layer for strain of
approximately 0.07%. The sensitivity (gauge factor) was about 80 which is two or-
ders of magnitude higher than the commercially available metallic strain gauges and
competes with semiconductor strain gauges.
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Aging processes which often adversely aﬀect the stability of sensors were also studied in
detail in this thesis. In this context aging refers to deterioration of tunneling resistance
of the nanocomposites over a period of time. It was observed that after six months
the tunneling resistance had increased considerably to eight times of that on day one,
though the QMR magnitude stayed in the same region with bit of degradation. The
change in tunneling resistance appears to be characteristic of such two dimensional
system which stems from the mobility of nanoparticles on the polymer matrix [84,
134]. Otherwise one should not see such a change in the tunneling resistance over the
time. Embedding of Au nanoparticles into the underlying polymer was used as a tool
to stabilize the nanoparticles which in turn inhibits the aging process. Embedding
was done by heating the nanocomposite above glass transition temperature of the
polymer. The embedded sample was also stored for six months and when remeasured,
the increase in tunneling current was merely 22% as compared to eight fold increase
in case of non-embedded sample. Most importantly during all this process the QMR
amplitude did not change signiﬁcantly. Hence, it can be said that the embedding
technique can be successfully employed to stabilize the tunneling resistance over a
period of time. Additioanly a protective layer (e.g., PTFE) can also be deposited on
top of Au nanoparticles. The sensor presented here demonstrates that the electrical
resistance of the nanocomposite layer allows direct measurement of the magnetically
induced strain and can thus be used as a feedback sensor for the magnetostrictive
actuator.
The concept of the sensor presented here is promising for applications due to several
aspects. As quantum tunneling is an exponential eﬀect, only a small change in distance
is required to obtain a relatively high signal, which gives rise to a high sensitivity and
a high gauge factor. This eﬀect is expected to be even more pronounced when the
metal nanoparticles are arranged in a regular array instead of being randomly arranged
as presented here. Due to its good scaling capability, the presented functional layer
is able to address emerging needs of miniaturization. The functional layer can be
downscaled to sub-micrometer dimensions, where other strain measurement techniques
become more and more complex and costly. Furthermore, the usage of the functional
polymer/Au-nanocluster layer in combination with magnetostrictive cantilever-type
actuators [135, 136] has particular advantage that the functional layer is non-magnetic,
therefore on one hand, it is not aﬀected by any magnetic ﬁeld present in close proximity
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to the layer and on the other hand, does not aﬀect the magnetic ﬁeld distribution itself.
It is thus very appropriate for a feedback sensor for magnetostrictive actuators which
is often required for compensation of hysteresis, load and temperature eﬀects, given
that the average strain on the surface of the cantilever is in the range required by the
2-d functional layer.
In general, the presented technique provides an alternative method to detect strain.
It is also applicable to other substrates, e.g., MSM single crystals that have huge
magnetic ﬁeld induced strains in the order of 6% [137]. This would further increase
the QMR of the system signiﬁcantly.
3D nanocomposite
Unlike in 2D system, where metal nanoparticles are on the surface or just below the
surface after embedding, in 3D nanocomposite they are incorporated in the matrix,
thus it can be made into thin ﬁlms of several micrometer in thickness. These nanocom-
posites were prepared at room temperature by co-sputtering from two sources. RF
magnetron source was used for TiO2 / SiO2 and DC magnetron source for FeCo. FeCo-
TiO2 were evaluated with respect to tunnel magnetoresistance and FeCo-SiO2 as core
material for microinductors. Microstructure and magnetic properties of the nanocom-
posite ﬁlms were characterized with respect to metal volume fraction. The metal
volume fractions can be controlled by varying the sputtering power of the individual
components. The need for the ceramic matrix arises because of reactions between
magnetic material and the organic matrix during co-sputtering. Due to which the
resulting nanocomposites are no more ferromagnetic in nature thus depriving it of
the possible applications. Alternatively, sequential deposition of the ferromagnetic
material and the organic material can be used to minimize the reactions.
High resolution transmission electron microscopy analysis reveals that the microstruc-
ture of the nanocomposites depend on the MVF which determines the particle size and
separation. In FeCo-TiO2 composites containing MVF up to 35%, FeCo nanoparticles
are amorphous, whereas FeCo starts forming crystallites at MVF greater than 35%
with average size about 2 nm. The ﬁnding of amorphous FeCo nanoparticles is very
interesting from the fundamental point of view because FeCo is not expected to be
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a glass forming alloy even at high quenching rates. The amorphous structure seems
to be a result of the very small particle size and the resulting interfacial stress which
can better be accommodated by an amorphous structure. Particle size distribution
was also obtained by ﬁtting the experimental magnetization curves (showing super-
paramagnetism) with Langevin function and log normal distribution function for the
particle size. The average particle size and width of distribution increases with MVF
which is characteristics of the deposition method employed.
The type of electrical transport mechanism in the composites is closely related to the
morphology of the composites. Electrical resistivity changes several orders of mag-
nitude, from 106 µΩcm to 102 µΩcm for 35% to 70% MVF respectively. Percolation
threshold which is one of the key characteristics of composites was determined by mea-
suring the dependence of electrical resistance vs MVF. In FeCo-TiO2 for metal volume
fractions below 53% the resistance increases with decrease in temperature. The typical
conductivity mechanism associated with this type of behavior is of hopping type. As
the MVF increases the resistivity comes down as connecting network of nanoparticles
start to form and hence more paths are available for conduction through the ﬁlm. The
percolation threshold value depends on many factors like particle size, shape and the
preparation method. Typically for such nanocomposites the percolation was found to
be in the range of 50% to 60% [1, 116, 117].
Magnetization curves show distinct behavior with respect to MVF, changing from the
superparamagnetic state to ferromagnetism. For FeCo-TiO2 system superparamag-
netic behavior was observed below 50% MVF, same phenomena was seen in FeCo-SiO2
system as well. Superparamagnetic behavior requires separated single domain parti-
cles. Along with MVF the crystallites of FeCo grow in size and the separation between
them decreases. This leads to the ferromagnetic exchange between the particles and
the system behaves like a multidomain. Increase in the MVF would also results in
coalescence between neighboring particles with multidomain structure. In the same
way saturation magnetization also increases with increase in MVF as the magnetic
moment increases due to increase in the size of FeCo grains.
Composite ﬁlms containing MVF below 53% show decrease in electrical resistance un-
der external magnetic ﬁeld. This change was explained by spin dependent tunneling
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process. Magnetic moments are supposed to be randomly oriented under zero mag-
netic ﬁeld and when the external magnetic ﬁeld is applied the relative orientation of the
magnetization moment rotates in to parallel conﬁguration thus increasing the tunnel-
ing probability. A maximum change of 4% was observed for 48% MVF under applied
ﬁeld of 0.5 T at room temperature. MR curves obey ∆R/R0 ∝ −(M/M s)2 relation
thus suggesting the spin dependent tunneling phenomena. TMR of nanocomposites
is substantially lower than TMR values reported for the TMR devices fabricated by
advanced lithography techniques involving epitaxial oxide layers. Nevertheless, due
to simple fabrication process, the granular TMR approach is tempting for low-cost
magnetic ﬁeld sensors, where highest sensitivity is not required.
For high frequency applications, the dielectric constant of the matrix must be as low
as possible to avoid capacitive losses, therefore TiO2 was replaced with SiO2. The
high frequency properties were evaluated for MVF range from 48% to 70 %. It was
observed that the high frequency permeability increases as the ﬁlling factor increases
and the ferromagnetic resonance frequency is in the range of 2.5 to 3 GHz.
Improvements in high frequency characteristics were observed due to induced anisotropy
by a static magnetic ﬁeld during deposition. The hard axis permeability is about 140
and FMR around 3.1 GHz. Material quality factor Q, is quite high below 2 GHz. The
imaginary part of the permeability shows a narrow peak width which is advantageous
as the magnetic loss around FMR frequency depends on the line width [120].
Integration process of the high frequency material in to a magnetic device frequently in-
volves heat treatment and microstructure undergo microstructural changes drastically
modifying the functional properties. Therefore, heating experiments were performed
in-situ in transmission electron microscope as well as ex-situ in vacuum. In case of
FeCo-TiO2 system, initially amorphous ﬁlm showed formation of nanosized crystal-
lites at temperature of 450 ◦C. EDX analyses performed on these crystallites indicate
that they are Co crystallites. STEM-EDX elemental maps conﬁrm the segregation of
Co after annealing. TMR in heated samples (MVF 25-30%) vanishes due to a large
increase in the mean particle distance and phase separation of Fe and Co. FeCo-SiO2
system (MVF 53% and 70%) were annealed in vacuum in the presence of external
magnetic ﬁeld. Annealing was done for 60 mints in the temperature range from 200 to
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400 ◦C. The magnetization loops become softer when compared to as prepared ﬁlms
with no change in coercivity. Composites with 53% MVF show an increase in perme-
ability of about ≈ 50% with no change in the FMR frequency. However, 70% MVF
ﬁlms show close to three times increase in permeability but show poor quality factors
due to eddy currents.
Therefore, a ﬁlling factor which is between 60 and 70 was chosen for integration of
the core material into toroidal micro-inductor as when the ﬁlling factor is lesser than
53%, it results in superparamagnetic ﬁlms and when it is as high as 70% upon an-
nealing results in eddy currents. One micron thick core was optimized which has
material quality factor greater than 25 at 1 GHz. The nanococomposite ﬁlms were
preprared without an external magnetic ﬁeld during deposition as the in-plane uniax-
ial anisotropy will lead to interruption of ﬁeld distribution in the toroids. For every
100 nm FeCo-SiO2 additional SiO2 of few nm in thickness were incorporated which
resulted in electrical resistivity of 1800 µΩcm. Skin depth at 3 GHz was found to be
more than ﬁve microns. FeCo-SiO2 one micron thick ﬁlm was successfully integrated
into toroidal micro-inductors. The inductance stays constant up to 3 GHz which is
very promising. The enhancement in the inductance on addition of magnetic core is
in the range of 20-30% which would not make the added processing steps worthwhile.
However, magnetic volume of the present inductor is approximately 10% which can
be increased. Simulations performed for thicker core material using electromagnetic
ﬁeld simulation tool HFSS show that the inductance increases linearly as the thick-
ness of core material (ﬁgure 6.18). With a ﬁve micron core a threefold increase in the
inductance could be possible which is very encouraging. The corresponding quality
factor can also be increased by adjusting the dimensions of the vias (lowering the DC
resistance).
In addition to the co-sputtering technique, nanocomposite were also fabricated from
dewetting of alternate layers of metal and matrix. In future by this technique it may
be possible to to align the easy axis in the direction needed by introducing shape
anisotropy by annealing the multilayer in a magnetic ﬁeld. Another possibility of fab-
ricating the nanocomposite, which is under development, is based on gas aggregation
cluster source [138, 139]. In this technique cluster formation and the matrix deposition
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process are separated thus it may be possible to circumvent the problem of undesired
chemical reactions during co-sputtering of magnetic and organic materials.
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Abbreviations
CMOS Complementary symmetry metal oxide semiconductor
DC Direct current
EDX Energy-dispersive X-ray spectroscopy
EELS Electron energy loss spectroscopy
FMR Ferromagnetic resonance
GMR Giant magnetoresistance
HF High Frequency
MMIC Monolithic microwave integrated circuit
MTJ Metal tunnel junction
MVF Metal volume fraction
PVD Physical vapor deposition
QMR Quasi magnetoresistance
SAED Selected area electron diﬀraction
SEM Scanning electron microscopy
TEM Transmission electron microscopy
TMR Tunnel magnetoresistance
VSM Vibrating sample magnetometer
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